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FOREWORD 


This  project  was  designed  to  help  furnish  guidelines  for  determining  the  potential  of  strip-mining  fills  as 
underground  aquifers  and  water  storage  areas  in  the  Powder  River  basin.  The  Commission  is  indebted  to  all 
who  participated  in  collection  of  the  information  and  preparation  of  the  report. 
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ABSTRACT 

The  Powder  River  Basin  contains  some  of  the  largest  coal  deposits 
in  the  world.    Despite  the  immense  coal  production  that  will  undoubtedly 
occur  in  this  area  in  the  next  few  decades,  little  is  known  about  the 
hydrology  of  the  spoils  that  occur  as  a  byproduct  of  strip  mine  opera- 
tions . 

The  Tongue  River  Formation  of  the  Paleocene  Fort  Union  Group  contains 
most  of  the  strippable  coal  deposits  in  the  Powder  River  Basin.  Flat 
lying  low  sulfur  coal  beds  up  to  200  ft.  thick  are  typically  overlain 
by  semiconsolidated  shale  and  sandstone.    Typical  overburden  to  coal 
thickness  ratios  in  working  mines  are  2.-1.    The  overburden  ia  generally 
dragline  or  scraper-dumped  into  the  excavated  pit. 

Pump  tests  were  conducted  to  determine  the  aquifer  characteristics 
of  the  mine  spoils  of  two  coal  strip  mines  in  western  Sheridan  County, 
Wyoming.    The  results  of  the  pump  tests  show  an  average  permeability  of 
hSO  gpd/ft2  and  an  average  storage  coefficient  of  0.170  for  the  Hidden 
Water  Creek  mine  where  dragline-emplaced  spoils  occur,  and  an  average  of 
k  gpd/ft2  permeability  and  0.233  storage  coefficient  for  the  Bighorn 
coal  mine  where  scraper  and  bulldozer-emplaced  spoils  occur. 

Six  coal  strip  mines  were  studied  using  field  infiltration  and 
laboratory  permeability  apparatus  to  determine  hydrologic  characteristics. 
Data  from  kh  sites  indicate  that  the  permeability  is  primarily  related  to 
density,  which  in  turn  is  due  to  method  of  emplacement  and  composition. 
Spoils  emplaced  by  dragline  show  higher  laboratory  permeability  than 
those  emplaced  by  scraper  or  truck.    This  is  presumably  due  to  greater 
compaction  caused  by  machinery  moving  over  the  surface  of  the  spoils. 
Ix>cal  stratigraphy,  however,  has  a  great  influence  on  the  hydrologic 
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characteristics  of  the  spoils.    Areas  with  large  amounts  of  alluvium 
or  sandstone  in  the  overburden  show  significantly  larger  values  of 
laboratory  permeability  than  those  where  overburden  consists  chiefly  of 
siltstone  or  shale. 

Chemical  analyses  of  32  water  samples  show  a  significant  difference 
of  the  quality  of  ground  water  in  spoils  compared  to  natural  ground 
water  from  wells  in  the  Tongue  River  Formation.    Water  in  spoils  contains 
greater  sulfate,  calcium,  magnesium,  and  total  dissolved  solids.  The 
solution  of  gypsum  and  oxidation  of  pyrite  is  believed  to  contribute  to 
the  high  mineral  content  of  spoils  water.    However,  the  mineral  content 
of  natural  ground  water  is  also  sufficably  high  to  limit  its  usefulness. 

The  possibility  of  utilizing  the  abandoned  spoils  as  ground  water 
storage  areas  is  feasible  due  to  the  moderately  high  permeability. 
However,  the  poor  quality  of  the  ground  water  that  would  be  pumped  out 
of  the  spoils  would  appear  to  limit  its  usefulness. 


INTRODUCTION 

The  production  of  coal  from  the  western  United  States  is  certain 
to  play  an  important  role  as  the  need  for  energy  increases.    According  to 
Flint  and  Skinner  (197k),  18#  of  the  energy  consumed  in  the  United  States  in  «K 
came  from  coal.    Coal  in  the  western  United  States  is  low  in  sulfur,  and 
is  superior  in  this  respect  to  the  mid-western  or  Appalachian  coals. 
According  to  the  U.S.  Geological  Survey  (1973),  the  total  production  of 
western  coal  in  1972  was  about  hO  million  tons,  but  may  increase  to 
over  200  million  tons  per  year  by  the  year  2000.    This  would  involve  an 
increase  in  the  area  of  stripped  land  from  33  square  miles  disturbed  as 
of  1972  to  300  square  miles  by  the  year  2000.    According  to  Hubert  (1976) 
coal  mining  throughout  the  world  may  not  peak  until  a  century  or  two  from 
now. 

On  July  1,  197k,  the  Old  West  Regional  Commission  funded  a  two  year 

■ 

project  to  South  Dakota  School  of  Mines  and  Technology  to  study  the 
permeability  and  porosity  of  coal  strip-mine  fills  in  the  Powder  River 
Basin,  and  to  determine  if  these  deposits  could  be  used  as  future  ground 
water  storage  areas.    This  report  summarizes  the  research  conducted  under 
this  grant. 

The  Powder  River  Basin  includes  the  area  roughly  100  miles  wide  and 
200  miles  long  between  the  Bighorn  Mountains  and  the  Black  Hills.  The 
rocks  underlying  the  Powder  River  Basin  are  generally  semi-consolidated 
sediments  of  Tertiary  age,  and  contain  some  of  the  largest  known  low- 
sulfur,  subbituminous  coal  beds  anywhere  in  the  world  (USBM,  1971; 
Murray,  1976).    These  coal  beds  have  been  mined  sporadically  in  the  past. 
Underground  mining  was  done  after  World  War  II,  but  was  marginal 
economically,  and  was  hampered  by  accidents  such  as  the  disasterous 
explosion,  at  Bear  Creek,  Montana.    With  the  advent  of  large  earth-moving 


machines  in  the  past  three  decades,  it  became  feasible  to  mine  these 
coal  beds  in  large  open  pits.    There  are  presently  about  ten  major  open 
pit  mines  in  the  Powder  River  Basin  (Keefer,  197U).    Some  of  these  pits 
are  so  large  that  they  can  be  seen  from  space.    Figure  1  is  a  space 
photograph  of  the  western  Powder  River  showing  the  major  coal  mines 
studied  in  the  project.    The  white  areas  near  Colstrip  and  Decker, 
Montana,  are  disturbed  ground  caused  by  the  large  open  pit  coal  mines. 

The  Old  West  Regional  States  are  facing  development  of  their  natural 
resources,  particularly  coal  and  water,  on  a  scale  and  at  a  rate  not 
contemplated  heretofore.    Large  amounts  of  coal  and  water  have  been  or 
are  being  allocated  for  coal  conversion  to  gas,  and  plans  for  mining  and 
plant  construction  are  under  discussion  in  many  of  these  States.  Recent 
federal  and  state  legislation  has  had  a  number  of  effects,  including 
that  of  making  the  citizens  of  the  several  States  involved  aware  of  the 
very  large  gap  existing  between  the  problems  posed  by  resources  develop- 
ment and  the  body  of  research  that  has  been  accomplished  to  date. 

Because  mining  activities  are  in  full  operation  currently  within  the 
Old  West  Region  it  is  essential  that  knowledge  of  the  chemical  and 
physical  properties  of  the  land  also  progresses  so  that  the  most 
beneficial  and  advanced  methods  can  be  used  in  reclamation  of  mined  lands. 
Not  only  has  the  restoration  of  mined  lands  to  near  a  natural  state 
become  an  important  consideration  but  future  land  use  as  well  is  inter- 
twined in  the  process  of  reclamation. 

Extensive  research  has  been  conducted  on  plants  and  the  rehabilita- 
tion problems  of  strip  mines  in  the  arid  west  (Packer,  1975).    A  recent 
publication  by  the  U.S.  Bureau  of  Mines,  (Persse,  197$),  includes 
references  to  articles  on  this  subject.    Coal  strip-mine  spoil  revegeta- 
tion  studies  have  been  carried  out  by  the  Montana  Agricultural  Station 
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(e.g.  Hodder,  197k),  the  U.S.  Forest  Service  (Packer,  197U),  and 
other  agencies. 

One  part  of  the  environment  which  is  an  important  variable  in  the 
rehabilitation  of  the  mined  areas  is  water.    Water  is  exceptionally 
precious  in  the  Old  West  Region  States  and  as  such  holds  the  key  to  most 
economic,  recreational,  and  reclamation  developments.    The  average 
annual  precipitation  in  mineable  areas  of  the  Powder  River  Basin  is 
between  12  and  16  inches  (Packer,  1975).    A  major  concern  is  the  general 
effect  that  increased  mining  activities  has  on  water  levels  and  flow 
direction,  ground  water  recharge  and  discharge  and  changes  in  ground 
water  chemistry.    These  parameters  have  not  been  sufficiently  studied 
and  consequently  the  effects  of  these  changes  are  not  known.    It  has 
been  shown  that  ground  and  surface  waters  in  other  coal  strip-mined 
areas  in  the  United  States  can  become  highly  acidic  and  ground  water 
could  also  become  contaminated  (Hill,  1971j  Cederstrom,  1971j  USDI, 
1967).    Problems  such  as  these  could  develop  in  the  Powder  River  Basin. 

Coal  beds  that  will  be  mined  in  the  Powder  River  Basin  are  up  to 
200  feet  thick  and  are  nearly  horizontal.    Many  of  the  deposits  which 
will  be  mined  first  are  located  in  valley  areas  where  overburden  is 
thinnest.    Most  of  the  coal  will  be  strip  mined,    and  significant 
quantities  of  overlying  shale,  siltstone,  and  sandstone  must  be  removed 
in  order  to  mine  the  coal.    Intermittent  streams  are  temporarily 
diverted  and  the  overburden  will  be  ultimately  dumped  into  mined  out 
excavations  (see  Figure  2).    Although  leveling  and  terracing  will  be 
part  of  reclamation,  compaction  of  the  spoils  will  be  limited  and  there 
will  be  a  considerable  increase  in  its  volume  from  its  original  undis- 
turbed state.    According  to  mining  engineers  at  the  Decker  Mine 
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(Robert  A.  Gjere,  personal  comm.),  there  is  a  1.3  x  increase  in  volume. 
In  some  places  where  thin  sand  and  gravel  deposits  occur  on  top  of  the 
sedimentary  rocks,  the  waste  will  include  the  gravel  as  well  as  ripped- 
up  sedimentary  rocks.    In  effect,  the  porosity  and  permeability  of  the 
waste  should  be  considerably  increased  above  its  former  undisturbed 
state.    Depending  on  local  geometry  and  position  of  the  water  table, 
these  deposits  may  ultimately  become  saturated  to  various  degrees  by 
water,  precipitatxon  or  percolating  ground  water. 

In  viewing  the  future  of  this  land  it  is  possible  that  the  stripped 
and  back-filled  areas  may  become  valuable  man-made  aquifers  because  of 
the  increase  in  porosity  and  permeability  of  the  waste  rock.  Some 
back-filled  areas  could  be  recharged  with  adjacent  intermittent  streams 
or  with  imported  water.    The  positive  value  of  the  creation  of  a  near- 
surface  aquifer  in  this  semi-arid  region  would  be  of  considerable 
economic  importance  to  the  overall  benefit-cost  consideration  of  strip 
mining. 

It  is  hoped  that  the  results  obtained  from  the  present  study  will 
serve  as  guidelines  for  determining  the  potential  of  strip-mining  fills 
as  underground  aquifers  and  water  storage  areas  in  the  Powder  River 
Basin. 

The  writer  wishes  to  acknowledge  the  help  of  Mr.  Paul  J.  Gerlach 
and  Mr.  Frank  S.  Farkas,  graduate  students  at  South  Dakota  School  of 
Mines  and  Technology,  who  contributed  significantly  to  the  completion 
of  this  research.    Mr.  Dan  Scott  of  the  Padlock  Ranch,  Dayton,  Wyoming, 
gave  permission  to  study  the  Hidden  Water  Greek  Mine.    Most  of  the  m*m 
coal  companies  were  very  cooperative.    Special  thanks  goes  to  Mr.  Michael 
Penz  of  the  Peter  Kiewit  and  Sons  Company,  Sheridan,  Wyoming,  for  his 


continuing  help.    Appreciation  is  extended  to  Mr.  William  J.  Fogarty, 
project  monitor  of  the  Old  West  Regional  Commission  for  his  help  and 
encouragment  in  this  work.    Dr.  Jack  A.  Redden  kindly  helped  in  the 
planning  of  the  project  goals,  i 


This  report  is  divided  into  five  main  tasks,  in  keeping  with 
the  original  proposed  outline  submitted  to  the  Old  West  Regional 


Commission. 


TASK  #1-P0R0SITY  AND  PERMEABILITY  OF  SPOILS 
PREVIOUS  TESTS 

While  there  have  been  reports  describing  the  hydraulic  properties 
of  aquifers  in  the  Powder  River  Basin  (e.g.  USUI,  127Uaj  Lowry  and 
(Jammings,  1966;  Whitcomb  and  Morris,  1961*5  Huntoon  and  Womack,  197$J 
Konikow,  1976),  there  is  only  one  known  published  preliminary  report  by 
Rahn  (1975)  on  infiltration  tests  and  one  known  report  by  Van  Voast 
(1973)  that  includes  a  description  of  a  pump  test  in  spoils  in  the 
Powder  River  Basin. 

TWO  PUMP  TESTS  IN  SPOILS 

In  order  to  best  determine  the  porosity  and  permeability  of  spoils, 
it  is  desirable  to  pump  water  from  saturated  deposits  and  to  measure 
the  drawdown  in  the  water  table  in  observation  wells. 

A  reconnaisance  survey  of  the  existing  strip-mines  in  the  Powder 
River  Basin  showed  that  most  of  the  mines  are  generally  above  the  water 
table.    Spoils  such  as  at  the  Dave  Johnston  Mine  north  of  Glenrock, 
Wyoming  will  not  become  saturated  upon  abandonment.    Other  mines,  such 
as  the  Wyodak  Mine  near  Gillette,  Wyoming,  although  below  the  water 
table,  are  currently  active:    dewatering  operations  keep  the  spoils 
from  becoming  saturated.    To  the  writer's  knowledge,  only  two  mines 
presently  possess  significant  quantities  of  saturated  spoils :  the 
Bighorn  and  the  Hidden  Water  Creek  Mines  north  of  Sheridan,  Wyoming. 
Therefore  these  two  areas  were  selected  for  the  pump  tests  described 
below.    The  following  description  of  the  two  pump  tests  are  summarized 
from  a  more  detailed  report  by  Gerlach  (1976). 


Hidden  Water.  Creek  Mine  Pump  Test 

The  Hidden  Water  Creek  coal  mines  are  located  about  three  miles 
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north  of  Monarch,  Wyoming.    The  mines  were  worked  about  20  years  ago, 

and  are  now  abandoned. 

A  10  in.  production  well  was  drilled  on  June  16,  1975  in  coal  strip- 
mine  spoils  to  a  depth  of  39  ft.  in  the  Mfeft  of  Sec.  1,  T.  57  N.,  R. 
85  W.    The  well  was  gravel-packed  with  pea-gravel  along  its  entire 
depth,  and  fitted  with  a  6  in.  plastic  casing  that  had  been  perforated 
from  23  to  39  ft.    The  perforations  consisted  of  slots  6  in.  long  and 
\  in.  wide,  spaced  at  U  in.  intervals  on  two  sides  along  the  length  of 
casing.    The  production  well  penetrated  the  entire  thickness  of  spoils 
and  intercepted  solid  coal  at  a  depth  of  33  ft.    These  spoils  had  been 
dragline  emplaced,  and  are  about  20  years  old  (Mr.  Michael  Penz,  personal 
comm.).    figure  3  shows  the  Hidden  Water  Creek  coal  strip  mine  on  the 
U.S.  Geological  Survey  Monarch  Quadrangle,  7.5  minute  topographic  map. 
Figure  h  is  a  geologic  cross-section  through  the  pump  test  site  showing 
the  sequence  of  coal  beds  within  the  Fort  Union  Group  sediments. 

Eleven  h  in.  observation  wells,  N.  ?0°  W.  numbers  1,2,3,U,  3-  22° 
S.  numbers  1,2,3,  and  S.  85°  W.  numbers  1,2,3,U,  were  drilled  on  radlals 
that  came  as  close  as  possible  to  120  degrees.    Heavy  rains  combined 
with  the  topography  of  the  test  site  made  precise  placement  of  the 
observation  wells  at  120  degree  radials  impossible  (Figure  5).  All 
observation  wells  penetrated  approximately  the  entire  thickness  of 
spoils.    Each  observation  well  was  fitted  with  a  2  in.  plastic  casing 
that  had  been  perforated  up" to  lU  ft.  from  the  bottom  of  the  casing. 
Figure  6  is  a  plane-table  map  showing  the  arrangement  and  spacing  of 
the  wells  and  the  topography  of  the  test  area.    Figure  7  shows  the 
general  topography  of  the  test  area.    Note  the  conical  piles  of 
unvegetated  dragline-dumped  spoils  in  contrast  with  the  undisturbed 
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After  flushing  the  wells  with  water  the  water  table  was  allowed  to 
stabilize  f or days  until  pumping  began  9:20  AM.,  June  23,  1975. 
A  submersible  water  pump  was  used,  and  the  pumped  water  was  discharged 
to  the  pond  163  ft.  southeast  of  the  pumping  well.    Recirculation  of 
the  discharge  water  to  the  water  table  was  not  suspected.    An  initial 
pumping  rate  of  26  gpm  was  reduced  to  20.7  gpm  23  minutes  after  the 
test  began.    This  pumping  rate  was  held  constant  for  the  duration  of 
the  26.7  hour  pump  test. 

The  drawdown  for  each  well  was  calculated  by  subtracting  the  pre- 
test static  water-table  level  from  the  depth  to  the  water  table  observed 
during  the  pump  test.    Water  levels  were  read  with  a  Soiltest  electric 
water  level  indicator  (Figure  8).    The  pre-test  water  table  at  observation 
well  S.  85°  W.  no.  h  was  not  static,  but  was  falling  in  response  to  the 
natural  draining  of  a  deep  puddle  of  water  adjacent  to  the  well.  There- 
fore it  was  necessary  to  extrapolate  the  trend  of  the  pre-test  water 
table  at  this  well  throughout  the  duration  of  the  pump  test.    The  draw- 
down at  this  observation  well  was  calculated  by  subtracting  the  extrapo- 
lated water-table  trend  from  the  water  table  readings  observed  during 
the  pump  test. 

Aquifer  constants  were  determined  using  the  leaky  artesian  formula 
as  discussed  by  Walton  (1962,  p.  The  time-drawdown  curve  for 

each  observation  well  was  superimposed  over  the  leaky  or  non-leaky  type 
curve  that  matched  best,  and  the  match  coordinates  were  obtained.  Time- 
drawdown  curves  and  the  resultant  mathematical  solution  of  transmissivity 
(T)  and  storage  coefficient  (S)  for  each  observation  well  are  included 
in  Appendix  I.    It  should  be  noted  that  the  time-drawdown  data  curves 
for  observation  well  S.  85°  W.  numbers  1  and  2,  and  N.  20°  W.  numbers 
1,2,3,  and  h  match  leaky  artesian- type  curves.    This  suggests  that  for 
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these  wells  there  was  either  (1)  significant  ground  water  leakage  from 
the  underlying  Monarch  (?)  coal  bed  into  the  overlying  spoils  during 
the  pump  test,  (2)  a  delay  in  the  release  of  ground  water  in  storage 
during  pumping,  or  (3)  induced  infiltration  of  nearby  pond  water  during 
pumping.    The  time-drawdown  data  curves  for  the  remainder  of  the 
observation  wells,  wells  S.  85°  W.  numbers  3  and  ii,  and  E.  22°  S. 
numbers  1,2,  and  3  fit  the  non-leaky  artesian- type  curve.    This  would 
suggest  that  these  wells  were  not  influenced  by  factors  that  may  produce 
leaky  artesian- type  curves.    Figure  9  shows  the  drawdown  after  II4II 
minutes  of  continous  pumping,  and  Figure  10  is  a  cross-section  through 
8  of  the  wells  showing  the  drawdown  in  relation  to  the  static  water 
table  at  this  time.    From  Figure  9  it  is  obvious  that  the  lines  of 
equal  drawdown  are  elongated  northwest-southeast.    This  is  parallel  to 
the  depression  that  is  the  original  mine  cut.    As  seen  in  Figure    9  a 
portion  of  this  mine  cut  is  occupied  by  two  strip-mine  ponds.  The 
elongation  of  the  drawdown  contours  in  the  directions  of  the  strip-mine 
ponds  indicates  that  there  was  little  induced  infiltration  of  pond 
water  to  the  pumping  well  during  the  pump  test.    Had  induced  infiltration 
of  pond  water  occured  the  drawdown  contours  would  be  close  together 
(indicating  a  steep  gradient  for  the  cone  of  depression)  in  the  direc- 
tions of  the  two  ponds.    Using  the  time-drawdwon  calculations  the  average 
value  of  T  =  8,2^7  gpd/ft,  and  S  =  0.128.    A  summary  of  aquifer 
constants  is  presented  in  Table  1.    The  specific  capacity  of  the 
pumping  well  after  Ikll  minutes  of  pumping  was  1.67  gpm/ft. 

Distance-drawdown  curves  were  plotted  for  each  row  of  observation 
wells  radiating  from  the  production  well,  and  for  the  three  rows  com- 
bined.   Values  of  T  and  S  were  calculated  after  0.98  days  of  pumping 
using  the  Jacob  Method  described  in  Walton  (1962,  p.  8,9).  The 
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distance-drawdown  curves  and  the  resultant  mathematical  solution  of  T 
and  S  are  included  in  Appendix  I.    Distance-drawdown  values  were  plotted 
for  the  observation  wells  in  row  N.  20°  W.  after  0.98  and  O.SU  days 
pumping,  but  the  aquifer  coefficients  could  not  be  calculated  since  the 
points  do  not  describe  a  straight  line  as  required  in  the  Jacob  Method. 
The  aquifer  constants  derived  from  the  distance -drawdown  calculations 
are  presented  in  Table  1.    Using  the  distance-drawdown  calculations  the 
average  T  =  13,  8£0,  and  S  =  0.212. 

Averaging  both  the  time-drawdown  and  distance-drawdown  results 
gives  T  =  11,050  gpd/ft,  and  S  =  0.170.    The  average  saturated  thickness 
of  spoils  in  the  test  area  is  2h.S  ft.;  therefore  the  coefficient  of 
permeability  (K)  -  11,050/21*.$  =  h$0  gpd/ft2. 

Water  quality  samples  of  the  pump  discharge  water  were  taken  after 
1.95  hours  of  pumping,  and  after  26.1*2  hours  of  pumping.    For  comparison 
a  sample  of  the  water  taken  June  2k  from  the  strip-mine  pond  162  ft. 
southeast  of  the  pumping  well  was  also  analyzed  (Table  2).    From  a 
study  of  the  three  water  analyses  it  is  obvious  that  the  ground  water  in 
the  spoils  is  much  more  mineralized  than  the  water  in  the  mine  pit. 
Also,  the  water  in  the  spoils  is  acidic,  whereas  the  water  from  the  pond 
is  basic.    The  chemical  analysis  of  the  discharge  water  taken  at  the 
beginning  of  the  pump  test  is  very  similar  to  the  analysis  of  the  dis- 
charge water  taken  at  the  end  of  the  pump  test.    Therefore,  it  is 
apparent  that  the  source  of  water  for  the  pumping  well  was  not  the  strip- 
mine  pond.    The  leaky  artesian  condition  described  by  some  of  the  time- 
drawdown  data  curves  as  discussed  above  was  apparently  not  caused  by 
induced  infiltration  of  strip-mine  pond  water  to  the  pumping  well 
during  the  pump  test. 





13. 


orn  Pump  Test 

On  July  7,  1975  the  Peter  Kiewit  and  Sons  Company  drilled  a  7  7/8 
in.  diameter  production  well  to  a  depth  of  56  ft.  in  Bighorn  coal  mine 
spoils  in  the  S&Wk  of  Sec.  22,  T.  57  N. ,  R.  8U  W.    These  spoils  have 
been  bulldozer-scraper  emplaced,  and  they  are  approximately  20  years 
old  (Mr.  Michael  Penz,  pers.  comm.).    The  well  was  gravel-packed  with 
pea-gravel  its  entire  depth  and  fitted  with  a  5  in.  plastic  casing 
that  had  been  perforated  from  11  to  56  ft.    The  perforations  consisted 
of  slots  6  in.  long  and  \  in.  wide,  spaced  at  h  in.  intervals  on  two 
sides  along  the  length  of  the  casing.    The  production  well  penetrated 
the  entire  thickness  of  spoils,  intersecting  undisturbed  Tongue  River 
Formation  stratigraphy  at  a  depth  of  56  ft.    Figure  11  shows  the 
Bighorn  coal  mine  as  of  1968  on  the  U.S.  Geological  Survey  Acme  Quad- 
rangle, 7.5  minute  topographic  map.    Figure  12  is  a  geologic  cross- 
section  through  the  pump  test  site  showing  the  approximate  relations  of 
the  coal  beds  within  the  Fort  Union  Group  sediments.    Figure  13  shows 
the  test  site  area. 

Twelve  2  in.  observation  wells,  N.  18°  E.  numbers  1,2,3,U,5,  S. 
UQ°  E.  numbers  1,2, 3, h,  and  N.  75°  W.  numbers  1,2,3,  drilled  by  Peter 
Kiewit  and  Sons  Company,  were  placed  on  radials  that  came  as  close  as 
possible  to  120  degrees.    All  observation  wells  penetrated  the  entire 
thickness  of  spoils.    Each  observation  well  was  fitted  with  a  2  in. 
plastic  casing  that  had  been  perforated  to  within  approximately  10  ft. 
of  the  surface  of  the  spoils.    Figure  Ik  is  a  plane-table  map  showing 
the  arrangement  and  spacing  of  the  wells,  and  the  topography  of  the 
pump  test  site. 

After  thoroughly  flushing  the  wells  with  water  to  remove  remaining 


drills  mud,  the  water  table  was  allowed  to  stabilize  for  3.5  days 
until  10  AM. ,  July  lU,  1975,  when  the  pumping  well  was  tested  briefly 
to  ascertain  an  approximate  well  yield.     The  final  pump  test  began 
9:12  AM.,  July  15,  1975.    A  submersible  water  pump  was  used,  and  the 
discharge  water  was  discharged  east  to  Goose  Creek.    An  initial  pumping 
rate  of  h  gpm  was  increased  to  6.5  gpm  h2  minutes  after  the  test  began. 
This  pumping  rate  was  held  constant  for  the  duration  of  the  U9.2  hour 
pump  test. 

Apart  from  the  cone  of  depression  caused  by  the  pumping  well,  the 
water  table  at  the  Bighorn  coal  mine  test  site  was  not  static,  but 
was  falling  in  response  to  the  seasonal  recession  of  Goose  Creek. 
This  caused  complications  in  the  determination  of  the  exact  amount  of 
drawdown  of  the  water  table  due  to  pumping  during  the  aquifer  test.  It 
was  necessary  to  plot  the  trend  of  the  water  table  before  and  after  the 
pump  test,  and  to  extrapolate  that  trend  during  the  pump  test.  The 
drawdown  of  the  water  table  during  the  pump  test  was  calculated  by 
subtracting  the  extrapolated  water-table  trend  from  the  observed 

water  table  readings. 

Aquifer  constants  were  determined  using  the  leaky  artesian  formula 
in  the  same  manner  as  that  described  for  the  Hidden  Water  Creek  Mine 
pump  test.    Of  the  twelve  observation  wells,  only  three,  S.  U8°  E. 
1,2  and  N.  18°  E.  3  showed  sufficient  drawdown  to  plot  as  conventional 
"type  curves."    Four  of  the  remaining  observation  wells  exhibited 
measurable  (1  in.  or  more)  drawdown  only  at  the  end  of  the  pump  test, 
and  five  wells  had  no  drawdown  at  all.     Time-drawdown  curves  and  the 
resultant  mathematical  solutions  for  the  three  observation  wells  are 
included  in  Appendix  II.     The  curves  for  these  three  observation  wells 
plot  as  leaky  artesian- type  curves,  probably  indicating  a  delay  in  the 
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release  of  ground  water  in  storage  during  pumping.    Figure  15  is  a  map 
of  the  drawdown  at  the  Bighorn  mine  pump  test  site  after  2777  min.  of 
continuous  pumping.    Figure  16  is  a  cross -section  through  ten  of  the 
wells  showing  the  pre-test  water  table  and  the  cone  of  depression  of 
the  water  table  after  2777  min.  of  pumping.    Using  the  time-drawdown 
plots  the  average  value  of  T  =  172  gpd/ft,  and  G  =  0.233.    The  specific 
capacity  of  the  pumping  well  after  2777  min.  of  pumping  was  calculated 
to  be  0.3h  gpm/ft. 

Distance-drawdown  values  observed  after  O.98  and  2.01*  days  of 
pumping  for  observation  wells  showing  a  response  to  pumping,  were  plotted 
for  each  row  of  wells  radiating  from  the  production  well.    These  plots 
are  presented  in  Appendix  II.    Values  of  T  and  S  for  each  row  of 
observation  wells  could  not  be  calculated  because  the  plots  of  distance- 
drawdown  values  did  not  form  a  straight  line  as  required  in  the  Jacob 
Method  (Walton,  1962,  p.  8-9).    A  value  of  T  and  S  was  calculated  for 
the  distance-drawdown  plot  of  the  combination  of  all  wells  showing  a 
response  to  pumping,  but  as  the  results  were  considered  unreasonably 
high  they  were  not  included  in  the  final  tabulation. 

Water  quality  samples  of  the  pumping  well  discharge  were  taken 
after  1.10  and  32.80  hours  pumping.     For  comparison,  a  water  quality 
sample  was  taken  in  the  Goose  Creek  pond  adjacent  to  the  pump  test  site 
on  July  15,  1975.    Rahn  (1975,  p.  361)  reported  on  the  quality  of  a 
ground  water  seep  taken  at  the  south  end  of  the  main  active  pit  of  the 
Bighorn  mine,  approximately  1800  ft.  southeast  of  the  pump  test  site. 
The  analyses  of  these  four  water  samples  are  given  in  Table  3.  From 
Table  3  it  is  obvious  that  the  ground  water  from  the  mine  seep  is  high 
in  sodium  and  sulfate,  and  is  more  mineralized  than  the  ground  water 
in  the  pump  test  spoils.    The  ground  water  in  the  pump  test  spoils  is 


probably  derived  in  part  from  Goose  Creek  which  has  a  low  total  dis- 
solved solids  content.    The  analysis  of  the  pumping  well  discharge 
water  taken  after  1.10  hours  of  pumping  shows  little  change  from  the 
analysis  of  the  sample  collected  after  32.80  hours  of  pumping.  There- 
fore the  cone  of  depression  of  the  pumping  well  apparently  did  not 
extend  to  the  less  mineralized  water  of  Goose  Creek,  and  methods  of 
image  well  theory  did  not  have  to  be  employed.    From  a  review  of  the 
time-drawdown  curves  for  the  observation  wells  of  the  Bighorn  pump  test 
presented  in  Appendix  II  it  is  apparent  that  the  data  points  began  to 
approach  a  leaky  artesian-type  curve  after  a  maximum  pumping  time  of 
6.7  hours.    This  would  indicate  that  the  deviation  of  the  time-drawdown 
curves  from  the  type  curve  is  due  to  some  other  reason  other  than 
recharge  from  Goose  Creek.    This  deviation  may  have  been  caused  by 
delayed  gravity  drainage  of  the  de watered  portion  of  the  spoils  during 
the  pump  test  (Prickett,  1965,  p. 9). 

INFILTRATION  TESTS 

Because  conventional  pump  tests  could  only  be  conducted  at  two 
coal  strip  mines,  it  was  necessary  to  resort  to  another  method  of 
establishing  hydraulic  properties  of  the  spoils  in  the  other  mines.  This 
was  accomplished  through  the  study  of  field  infiltration  rates,  spoils 
moisture  content,  grain  size  analyses,  field  density  of  the  spoils, 
overburden  lithology  and  laboratory  calculation  of  permeability. 
Infiltration  is  the  ability  of  a  soil  to  absorb  water  (Horton,  1933), 
and  is  dependent  on  the  permeability  but  also  the  antecedent  moisture 
(Canarache,  et  al,  1969). 

Spoils  from  six  coal  strip  mines  (Figure  1)  were  studied  during  the 
sum-er  of  1975.    The  Wyodak  and  Belle  Ayr  Mines,  located  in  the 


17 


southeastern  Powder  River  Basin  near  Gillette,  and  the  Bighorn  Number 
One  and  Hidden  Water  Creek  Mines,  located  in  the  western  part  of  the 
Basin  near  Sheridan  were  selected  as  representatives  of  Wyoming  coal 
strip  mines.    Additionally,  spoils  from  the  Decker  Mine  near  Sheridan 
and  Rosebud  Mine  near  Colstrip  were  selected  as  being  representatives 

of  Montana  mines. 

The  mines  studied  were  chosen  not  only  for  their  accessibility 
but  also  because  they  are  the  largest  mines  in  the  area  and  represent  a 
good  cross-section  of  the  Powder  River  Basin  with  regard  to  variation 
in  overburden  lithology.    The  research  detailed  below  is  summarized 
from  a  detailed  report  by  Farkas  (1976). 

For  the  purpose  of  this  research,  a  set  of  five  cylinder  infiltrom- 
eters,  also  known  as  ring  infiltrometers,  were  utilized  to  determine  the 
water  intake  characteristics  of  the  coal  strip-mine  spoils.  The 
cylinders  are  constructed  of  Ik  gauge  smooth  steel  and  measure  12  in. 
in  length.    Diameters  vary  from  10  to  12  in.,  thus  enabling  nesting 
of  the  rings.    Emplacement  of  the  cylinders  was  accomplished  by  placing 
a  h  in.  thick,  rectangular  steel  driving  plate  over  the  cylinder  and 
while  standing  on  the  plate,  tamping  the  plate  with  a  16  lb.  driving 
hammer.    The  cylinders  were  driven  six  inches  into  the  spoils  to  ensure 
minimum  leakage.    Following  the  procedure  outlined  by  Haise  and  others 
(19^6),  the  cylinders  were  spaced  at  U>  ft.  intervals  in  various 
patterns,  depending  on  the  shape  of  the  spoils  piles  (Figure  17). 
Water  for  the  cylinders  was  obtained  from  barrels  carried  in  the  back 
of  a  truck  or  by  hand-carrying  it  from  a  nearby  pond.    All  five 
cylinders  were  used  in  areas  where  water  supply  was  adequate.    In  no 
test  were  fewer  than  three  cylinders  used.    Each  cylinder  was  kept 
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filled  with  water  to  a  depth  of  four  to  five  in.  to  maintain  the  same 
head.    Measurements  were  taken  at  the  end  of       10,  20,  30,  h%  60,  90 
and  120  minutes  where  possible.    Higher  intake  spoils  required  more 
frequent  readings.    Tests  were  run  two  hours  or  until  6  in.  of  water 
were  taken  into  the  spoils  (Haise  and  others,  1956,  p.  6).  When 
abnormally  high  or  low  readings  were  obtained,  the  cylinders  were  pulled 
out  at  the  conclusion  of  the  test  and  the  spoils  examined  for  possible 
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Data  from  the  tests  is  presented  graphically  as  accumulated  average 
intake,  in  inches  of  water,  versus  time,  in  minutes.    Results  for  all 
hh  tests  for  the  6  mines  studied  are  presented  in  Appendix  III.  It 
must  be  noted  that,  although  the  spoils  represent  mixed  overburden  and 
therefore  the  test  sites  can  be  considered  to  have  random  stratigraphic 
position,  the  same  cannot  be  said  for  the  aerial  location  of  the  test 
sites.    Mining  operations  precluded  entirely  random  selection  of  the 
infiltration  sites.    Further,  it  must  be  recognized  that  in  no  mine  are 
the  spoils  entirely  homogeneous.    Various  methods  of  spoils  emplacement 
are  used  in  the  coal  strip  mines  (Figure  18-19).  Dragline-dumped 
spoils  (Figure  18)  are  generally  considered  to  be  less  compacted  than 
scraper-dumped  spoils,  where  scraper  tires  add  to  the  spoils  compaction. 

Actual  values  showing  the  difference  in  densities  for  different 
styles  of  spoils  emplacement  were  determined  for  each  of  the  kh  sites. 
The  value  of  the  density  was  necessary  for  two  reasons :    first,  to 
ascertain  the  effect  of  varying  density  on  infiltration  rate;  and 
second,  to  duplicate  field  density  in  the  laboratory  permeability  tests. 
With  the  laboratory  apparatus  packed  to  field  density,  more  accurate 
estimates  of  field  permeability  could  be  made  from  the  laboratory  data. 
To  determine  the  density  at  a  particular  test  site,  a  small  hole  was 
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carefully  dug  in  the  spoils  and  all  the  samples  saved  in  a  sealed  bag. 
Next,  a  sand  of  known  density,  10)».5  lb/ft3  for  all  tests,  was  poured 
into  the  hole  filling  it  to  its  original  level.    Knowing  the  weight  of 
sand  poured  into  the  hole  and  the  weight  of  sample  extracted,  the  field 
density  of  the  sample  could  be  calculated.    Field  density  results  for 
all  tests  are  presented  in  Table  U. 

The  moisture  content  of  each  density  sample  was  obtained  in  order 
to  correlate  the  values  with  their  corresponding  infiltration  rates.  A 
1  lb.  sample  was  taken  from  each  density  sample  and  oven  dried  at  a 
temperature  of  110°  C  for  16  hours  as  described  by  two  laboratory 
Soils  Testing  Manual  (1970,  p.  1-3).    Moisture  content  was  then  calculated, 
(Peck  and  others,  197U,  p.  U).    Moisture  content  data  are  shown  in 
Table  U. 

Constant-head  laboratory  permeameter  tests  were  run  on  each  of  the 
Uh  samples  collected  in  the  field.    Each  sample  was  packed  into  a 
Soiltest  model  K-612  permeameter  (figure  20)  to  field  density.  Farkas 
(1976)  showed  that  the  most  consistant  permeability  data  could  be 
obtained  by  compacting  the  sample  by  dropping  the  laboratory  cylinder 
until  field  density  could  be  obtained. 

It  has  been  noted  in  the  literature  (Davis  and  DeWiest,  1966j 
Fireman,  19kh;  Rahn,  1968)  that  the  permeability  of  samples  calculated 
from  laboratory  tests  mav  not  be  the  same  as  that  obtained  by  pumping 
tests  in  the  field.    This  is  due  primarily  to  the  fact  that,  in  removing 
the  material  from  the  field,  the  material  is  disturbed.    Repacking  it 
in  the  laboratory  to  its  original  state  is,  for  all  practical  purposes, 
impossible.    In  this  investigation,  however,  the  field  samples,  being 
overburden  spoils,  are  already  disturbed  in  their  natural  state,  thus 
greater  correlation  between  field  and  laboratory  data  might  be  expected. 
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Darcy's  law  for  flow  of  water  through  a  soil  medium  was  used  for 
the  calculation  of  laboratory  permeabilities  (Fireman,  19hk,  p.  338). 
Parameters  and  conversions  used  in  the  calculations  are  shown  in  Figure 
21.    Permeabilities  obtained  are  presented  in  Table  U. 

Dry  sieve  analyses  were  conducted  on  selected  samples  from  the 
coal  strip-mine  spoils  in  the  study  area.    Specifically,  the  samples 
from  each  mine  showing  the  highest  and  lowest  permeability,  as 
determined  by  laboratory  tests,  and  one  of  intermediate  value  were 
sieved.    Samples  were  prepared  using  the  method  outlined  by  Folk  (1968, 
p.  3k)  and  sieved  through  number  35,  60,  120,  230  and  235  U.S.  Standard 
mesh  sieves.    Results  were  plotted  graphically  as  per  cent  finer  by 
weight  versus  grain  size  according  to  procedures  outlined  in  the 
(Laboratory  Soils  Testing  Manual  (1970,  p.  v-8)  and  appear  in  Appendix  III. 

Eighteen  sieve  analyses,  three  from  each  mine  area  studied,  were 
conducted  in  order  to  establish  grain  size  variations  in  an  attempt  to 
explain  variations  in  permeabilitv  between  samples  that  are  similar  in 
appearance.    Graphs  of  results  appear  in  Appendix  III.    Test  samples 
FF-18,  2h,  29,  from  the  Rosebud  Mine,  show  laboratory  permeabilities  of 
57.6,  0.9  and  13.0  gpd/ft2  respectively  (Table  U).    Graphs  of  grain 
size  (Appendix  III)  for  these  tests  reveal  that  sample  FF-38  contains 
10%,  FF-20  contains  36%  and  FF-2U  contains  18*  silt  size  (0.0625mm)  or 
smaller  particles.    Thus  samples  appearing  similar  in  the  field,  when 
disaggregated,  show  that  a  higher  percentage  of  silt  size  or  smaller 
particles  usually  indicate  a  lower  permeability. 

Hidden  VJater  Creek  Mine 

The  Hidden  Water  Creek  Mine  (Sec.  1,  T.  57  N.,  R.  85  W.),  has  a 
somewhat  nebulous  history.     little  is  known  about  actual  production,  but 
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it  is  known  that  the  mine  was  closed  in  the  early  1950' s.    The  mine 
is  in  the  Tongue  River  Member  of  the  Fort  Union  Formation  (Mapel,  1958, 
p.  233;  Barnum,  1975).    Overburden  consists  primarily  of  yellowish- 
brown  sandstone  interbedded  with  gray,  carbonaceous  shale.    The  spoils 
were  emplaced  in  elongate  hills  by  dragline  and  were,  therefore, 
relatively  uncompacted.    The  spoils  hills  have  been  exposed  for  a 
minimum  of  25  years  and  weathering  has  produced  a  somewhat  compacted 
clayey  crust  on  the  top  few  inches  of  the  hills.    Vegetation  is  sparse 
to  nearly  nonexistent,  only  noticeable  during  the  rainy  days  of  spring. 

As  seen  in  Figure  22,  nine  infiltration  tests  were  conducted  in 
the  Hidden  Water  spoils.    Appendix  III  contains  the  results  of  the 
infiltration  studies.    It  can  be  noted  that  a  few  of  the  graphs  show 
more  than  one  curve.    Test  site  FF-1,  for  example,  shows  the  average 
infiltration  rate  for  all  five  cylinders  used  in  the  test  is  6  in/hr. 
As  can  be  seen,  of  the  five  cylinders,  two  were  located  on  an  old 
haulage  road.    Those  cylinders  attained  an  average  infiltration  rate  of 
only  0.2  in/hr.    The  remaining  three  cylinders  averaged  10.0  in/hr. 
Therefore  values  of  infiltration  rate  reported  in  Table  h  are.  considered 
to  be  the  best  estimate  of  the  overall  infiltration  rate  of  the  spoils- 
in  this  case,  10.0  in/hr.    The  infiltration  rates  thus  estimated  for 
all  mines  were  calculated  for  the  latter  portion  of  the  test  where  the 
slope  of  the  infiltration  rate  versus  time  line  attains  a  fairly 
constant  slope.    Infiltration  rates  for  the  nine  test  sites  in  the 
Hidden  Water  mine  range  from  l.U  to  10.0  in/hr  with  a  mean  of  k.h  in/hr 
(Table  h  and  Appendix  III). 

Laboratory  permeability  values  for  the  Hidden  Water  Creek  Mine 
(Table  1)  range  from  0.9  to  1*8.0  gal/day/ft2  with  a  mean  bf  10.0 
gal/day/ft2. 
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Bighorn  Number  One  Mine 

The  Bighorn  Mine  (Sees.  15,  22,  T.  57  N. ,  R.  8U  W. )  is  a  subsidiary 
of  Peter  Kiewit  and  Sons  Company.    The  mine,  like  the  Hidden  Water  Mine, 
is  in  the  Tongue  River  Member  of  the  Fort  Union  Formation  (Maple,  1958, 
p.  223)  and  has  a  similar  overburden  lithology.    Bighorn  uses  scrapers, 
rather  than  dragline,  for  overburden  removal  and  subsequent  emplacement 

(Glass,  1973,  p.  30). 

Figure  22  shows  the  location  of  the  eight  infiltration  test  sites. 
Results  of  these  tests  are  presented  graphically  in  Appendix  III. 
Test  site  FF-W*  shows  the  variability  in  the  spoils  even  within  a  small 
area.    Due  to  the  lack  of  water,  only  four  cylinders  were  used  in  the 
test.    With  two  cylinders  in  coaly  spoils  and  two  in  noncoaly  spoils  the 
infiltration  rate  is  11.3  in/hr  in  coaly  spoils;    the  two  cylinders  not 
in  coaly  spoils,  on  the  other  hand,  show  an  infiltration  rate  of  3.6 
in/hr.    Infiltration  rates  at  this  mine  (Table  h  and  Appendix  III) 
range  from  0.3  to  17.6  in/hr  with  a  mean  of  3.5  in/hr. 

Laboratory  permeability  values  (Table  h)  range  from  2.3  to  22.8 
gal/day/ft2  with  a  mean  of  9.6  gal/day/ft2. 

Rosebud  Mine 

Mining  near  Colstrip,  Montana  (Sec.  3U,  T.  2  N. ,  R.  U  E. )  began 
in  192U.    The  Northern  Pacific  Railway  (now  the  Burlington  Northern) 
mined  coal  for  its  steam  locomotives  until  1958  when  diesel  power  came 
of  age.    In  1958,  Montana  Power  and  Light  Company,  Inc.  acquired  the 
Northern  Pacific's  mining  leases.    Western  Energy  Company,  a  subsidiary 
of  Montana  Power,  later  acquired  additional  leases  in  the  Colstrip  area 
Coal  mining  in  the  Colstrip  area  will  accelerate  in  the  next  decades 
and  the  U.S.  Department  of  Interior  is  in  the  process  of  preparing  an 
environmental  impact  statement  for  this  area. 
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Coal  from  the  Rosebud  Mine  comes  predominantly  from  the  Rosebud 
seam  in  the  Tongue  River  Member  of  the  Fort  Union  Formation  (Matson 
and  Blumer,  1973,  p.  77).    Overburden,  which  is  removed  primarily  by 
dragline,  following  removal  and  stockpiling  of  topsoil,  consists  of 
upper  Fort  Union  Formation,  principally  fine-grained  sandstone,  gray 

shale  and  siltstone. 

Figure  23  shows  the  locations  of  the  eight  infiltration  test  sites 
in  the  Colstrip  area.    Results  are  presented  graphically  in  Appendix  IH. 
Infiltration  rates  (Table  h  and  Appendix  III)  range  from  0.2  to  3.1i 
in/hr  with  a  mean  of  1.3  in/hr.    The  graph  of  results  for  test  site 
FF-17  (Appendix  III)  shows  the  effect  of  one  cylinder  being  inadvertently 
atop  a  subsurface  fissure.    Eliminating  that  cylinder  from  the 
calculations,  the  infiltration  rate  for  the  remaining  four  cylinders  is 
2.0  in/hr,  1.6  in/hr  less  than  if  results  from  all  five  cylinders 
are  utilized. 

Laboratory  permeability  values  (Table  h)  range  from  0.9  to  $1.6 
gal/day/ft2  with  an  average  of  10. h  gal/day/ft2. 

Decker  Mine 

The  Decker  Mine  (Sees.  9,  1$,  16,  T.  9  S. ,  R.  U0  E. ),  operated  by 
Peter  Kiewit  and  Sons,  Inc.  as  a  Joint  venture  with  Pacific  Power  and 
Light  Company,  was  opened  in  August  1972.    The  mine  is  located  in  the 
Tongue  River  Member  of  the  Fort  Union  Formation  (Matson  and  ELumer, 
1973).    Coal  is  mined  from  the  $0  ft.  thick  seam  designated  the  D-l  coal 
by  the  Decker  Coal  Company  personnel.    Overburden  in  the  mine  area 
consists  primarily  of  discontinous  beds  of  silt,  silty  shale  and  fine- 
grained sand  and  sandstone  (Van  Voast,  197U,  p.6).    After  the  topsoil 
has  been  salvaged,  the  overburden  is  drilled,  shot  with  explosives  and 
removed  by  dragline.    After  mining  the  spoils  are  then  contoured  by 
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bulldozer  and  the  topsoil  replaeed  (Figure  2U). 

Kgure  2i  shows  the  approbate  location  of  the  eight  Infiltration 
test  sites,    vaults  are  presented  graphically  in  Appendix  HI. 
WHWU.  rates  (Table  k  and  Appendix  IV)  on  contoured  spoils  range 
fro*  0.2  to  O.h  in/hr  with  a  mean  of  0.3  Whr.    Test  sites  ¥¥-21  and 
28,  located  on  spoils  banks  prior  to  their  being  contoured,  have 
average  infiltration  values  of  37.5  and  10.0  in/hr.    This  is  no  doubt 
due  to  the  prescence  of  fissures  in  the  spoils  as  well  as  the  fact  that 
the  compaction  from  the  bulldosing  of  the  piles  has  not  yet  occu«d. 

moratory  permeabilities  range  from  0.U  to  1.5  gal/day/ft  with 
an  average  of  0.9  gal/day/ft2. 

VJvodak  Mine 

ms  Wyodak  Mine  (Sees.  27,  28,  T.  50  N. ,  R.  71  IT.)  opened  in  1925 
and,  since  that  time,  has  produced  coal  under  a  number  of  owners.  Coal 
is  mined  from  the  Wand  and  «th  beds  whose  average  combined  thickness 

, 1W1    „    ni      as  the  Roland  seam  is 
is  approximately  70  feet  (Olass,  1973,  p.  31). 

considered  to  be  the  top  of  the  Fort  Union  Formation  (Brown,  1956, 
p   112),  the  overburden  is  then  Wasatch  Formation  and  alluvium.    In  the 
mine  aria  the  overburden  ranges  from  15  to  bO  ft.  in  thickness  and 
consists  primarily  of  lenticular,  fine-grained  sandstone,  gray  clay 
and  silty  clay.    In  addition,  varying  amounts  of  ^ternary  alluvia, 
consisting  of  sand,  silt,  clay  and  thin  layers  of  gravel,  derived  fro, 
fragments  of  clinker,  red  shale  and  pieces  of  hard,  fine-grained 
sandstone,  are  present  in  stream  valleys  in  the  area  (Swenson,  1950, 
p.  9).    The  overburden  is  removed  by  scraper  and  used  as  back  fill  in 
the  mined-out  areas  of  the  mine. 

Due  to  the  lilted  amount  of  spoils,  only  six  infiltration  tests 
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were  conducted.    Their  locations  are  shown  in  Figure  27.    Results  of 
the  infiltration  tests  are  presented  in  Appendix  III.  Infiltration 
rates  (Table  1  and  Appendix  III)  range  from  0.6  to  25.7  in/hr  with  a 
mean  of  6.JU  in/hr. 

Laboratory  permeability  values  on  six  samples  (Table  k)  range  from 
6.6  to  38.0  gal/day/ft2  with  an  average  of  1U.8  gal/day/ft2. 

Belle  Ayr  Mine 

The  Belle  Ayr  Mine  (Sees.  33,  3U,  T.  U8  N. ,  R.  71  W. ),  owned  by 
the  Amax  Coal  Company,  is  located  15  miles  south  of  the  Wyodak  mine. 
Coal  is  produced  from  the  Roland-Smith  beds  in  the  Tongue  River  Member 
of  the  Fort  Union  Formation.    The  beds  have  a  combined  average  thickness 
of  70  ft.  in  the  mine  area  (U.S.  Geological  Survey,  1975,  p.  53). 
Overburden,  from  the  Wasatch  Formation,  consisting  of  gray  shale, 
yellow-brown  sandstone  and  gray  silts tone,  along  with  varying  amounts  of 
Quaternary  alluvium,  is  removed  by  a  bucket  wheel  excavator  and 
scrapers.    It  is  transported  to  the  dump  site  by  truck  (Figure  19)  and 
leveled  by  bulldozer  or  road  graders.    In  the  area  of  current  mining, 
the  overburden  varies  from  15  to  over  100  ft.  in  thickness. 

Figure  28  shows  the  approximate  locations  of  the  five  infiltration 
test  sites  in  the  Belle  Ayr  area.    The  locations  are  only  approximate  as 
the  size  and  shape  of  the  pit  and  location  of  the  spoils  are  constantly 
changing,  as  in  all  the  active  mines  investigated.    Results  from  these 
test  sites  are  presented  graphically  in  Appendix  III.  Infiltration 
rates  (Table  h  and  Appendix  III)  range  from  1.8  to  39.7  gal/day/ft2 
with  an  average  of  12.9  gal/day/ft2. 

Laboratory  permeability  values  (Table  h  and  Appendix  III)  range 
from  1.8  to  39.7  gal/day/ft2  with  an  average  of  12.9  gal/day/ft2. 


DISCUSSION  OF  POROSITY  AND  PERMEABILITY 

The  two  pump  tests,  at  the  Hidden  Water  Creek  and  Bighorn  Mines, 
both  showed  time-drawdown  plots  that  have  a  deviation  from  the  expected 
"type  curve".    In  pump  tests  of  water-table  aquifers  the  deviation  of 
the  time-drawdown  data  curves  from  the  nonleaky  artesian-type  curve  may 
be  caused  by  (1)  delayed  gravity  drainage  of  the  dewatered  portion  of 
the  aquifer,  (2)  induced  infiltration  from  an  adjacent  recharge 
boundary,  or  (3)  recharge  from  an  underlying  aquifer.  feMaAHPSV^ 
BSOSSfk    Figure  29  illustrates  the  three  probable  ways  leaky  artesian 
conditions  may  be  obtained  during  the  pumping  of  a  water-table  aquifer. 
As  previously  discussed,  induced  infiltration  of  strip-mine  pond  waters 
was  apparently  not  the  cause  for  the  leaky  artesian  conditions  of  some 
of  the  observation  wells  at  either  the  Hidden  Water  Creek  Mine  or 
Bighorn  Mine  pump  tests.    Therefore,  leak/  artesian  conditions  obtained 
at  both  mines  are  believed  to  be  the  result  of  delayed  gravity  drainage 
of  the  dewatered  portion  of  the  spoils,  or  to  a  lesser  degree  recharge 
from  possible  underlying  coal  beds  or  permeable  rubble  at  the  base 
of  the  spoils. 

Prickett  (1965,  p.  12)  reported  that  delays  in  the  release  of 
ground  water  in  storage  during  pumping  will  cause  time-drawdown  data 
curves  to  describe,  leaky  artesian  curves  for  approximately  1  hour  to 
several  days  depending  upon  whether  the  aquifer  material  is  composed 
predominantly  of  coarse  to  medium  siae  sand,  or  very  fine  sand  to  silt. 
Strip-mine  spoils  are  composed  of  an  extremely  nonhomogeneous  mixture 
of  clay  to  gravel-size  particle  grains.    Observation  wells  with  time- 
drawdown  data  curves  describing  leaky  artesian  conditions  may  represent 
areas  of  more  clayey  spoils  in  which  delayed  gravity  drainage  is 
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effective  for  up  to  several  days  after  pimping  began.    Observation  wells 
with  time-drawdown  data  curves  describing  nonleaky  artesian  conditions 
may  represent  areas  of  more  sandy  spoils  in  which  delayed  gravity 
drainage  is  effective  for  only  several  hours  or  less.    After  a  short 
initial  period  of  pumping  the  drainage  of  areas  of  more  sandy  spoils 
tends  to  catch  up  with  the  rate  of  fall  of  the  water  table  and  time- 
drawdown  data  curves  describe  the  nonleaky  artesian- type  curve. 

The  nonhomogeneous  nature  of  spoils  is  clearly  evident  in  analysis 
of  water-table  drawdown  values  obtained  during  the  Bighorn  mine  pump 
test.    After  2777  minutes  of  continous  pumping,  drawdown  was  observed 
at  observation  wells  N.  18°  E.  1,  3,  and  $,  but  no  drawdown  was  observed 
at  intermediate  wells  2  and  h  (see  Figure  1$).    The  spoils  at  observa- 
tion wells  N.  18°  E.  2  and  h  may  be  very  clayey,  not  readily  yielding 
water  to  a  small  decline  in  the  ground  water  table.    Figure  16  shows 
an  interpretation  of  the  heterogeneity  of  the  spoils  which  may  have 
caused  the  irregularities  in  drawdown  observed  at  observation  wells 
during  the  pump  test. 

In  summary,  the  results  of  the  two  pump  tests  indicate  average 
permeabilities  and  storage  coefficients  of  hSO  gpd/ft2  and  0.170  for 
the  Hidden  Water  coal  mine  spoils,  and  h  gpd/ft2  and  0.233  for  the 
Bighorn  coal  mine  spoils.    These  values  can  be  compared  to  the  permea- 
bility and  storage  in  undisturbed  Tertiary  sedimentary  rocks.  From 
analysis  of  two  pump  tests  in  sandstone  aquifers  of  the  Fort  Union 
Group  in  Wyoming,  Lowry  and  Cummings  (1966,  p.  20-21)  reported  values 
of  permeability  equal  to  7.9  and  2.5  gpd/ft2,  and  values  of  storage 
equal  to  3.5  x  10"1*  and  9  x  10"^.    Such  low  storage  coefficients  are 
indicative  of  aquifers  under  artesian  pressure,  whereas  higher  storage 
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coefficients,  such  as  those  of  the  Hidden  Water  Creek  and  Bighorn 
Mine  pump  tests,  are  indicative  of  water-table  aquifers.    I*wry  and 
CWngs  also  reported  that  61  percent  of  88  wells  tested  in  the  Fort 
Union  Group  had  specific  capacities  of  between  0.1  and  1.0  gpm/ft. 
(See  Appendix  VI  for  miscellaneous  pump  test  data).    This  data  on 
natural,  shallow  sandstone  aquifers  is  comparable  to  the  specific 
capacity  for  spoils  calculated  for  the  Bighorn  Mine  pumping  well.  Only 
11  percent  of  the  wells  reported  by  Lowry  and  Cummings  had  specific 
capacities  as  great  as,  or  greater  than  that  calculated  for  the  Hidden 
Water  Creek  pumping  well.    Other  sandstone  aquifer  tests  supported  this 
conclusion.    Whitcomb  and  Morris  (196U,  p.  15)  found  a  range  in  values 
of  specific  capacities  between  .09  and  0.*6  gpm/ft.    based  on  the  aquifer 
coefficients  of  four  pump  tests  in  Fort  Union  Group  aquifers,  western 
Crook  County,  Wyoming.    Whitcomb  and  Morris  (p.  U0)  also  reported  that 
pumping  tests  in  the  Fort  Union  Group  near  Gillette,  Wyoming  yielded 
an  averaee  value  of  permeability  of  3  gpd/ft?,  and  an  averaee  specific 
capacity  of  0.9  gpm/ft.    Van  Voast  (1973)  reported  a  permeability 
range  of  0.5  to  $0  gpd/ft?  from  studies  still  in  progress,  of  the  coal 
strip-mine  spoils  derived  from  mining  in  the  Tongue  River  Formation 

near  Cols trip,  Montana. 

The  lack  of  bedding  and  sorting  of  sediment  grains  in  spoils 
would  tend  to  suggest  that  the  permeability  of  spoils  should  be  less 
than  that  of  an  undisturbed,  bedded  sediment  of  the  same  material.  In 
the  natural  sedimentary  environment  the  highest  permeabilities  are 
generally  found  in  aquifers  with  well-sorted,  bedded  sediments  of  coarse 
sand  to  gravel-size  grains  (Davis  and  DeWiest,  1966,  p.  37U-380).  The 
value  of  average  permeability,  h  gpd/ft*,  obtained  for  the  Bighorn  Mine 
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pump  test  is  in  close  agreement  with  permeabilities  calculated  for 
undisturbed  Fort  Union  Group  sand  beds  elsewhere  in  the  Powder  River 
Basin.    The  large  value  of  permeability  obtained  for  the  Hidden  Water  Creek 
mine  pump  test,  h$0  gpd/ft2,  is  in  agreement  with  what  might  be  expected 
for  a  bedded  sediment  composed  predominantly  of  fone  sand-size  grains 
(Davis  and  DeWiest,  1966,  p.  375).    This  large  permeability  mav  be  due 
to  the  method  of  emplacement  ef  the  spoils.    The  laboratory  tests  show 
that  the  permeability  anv  sample  of  spoils  is  largely  dependent  upon 
the  compaction,  and  therefore,  method  of  emplacement  of  the  spoils.  Spoils 
such  as  those  of  the  Hidden  Water  Creek  mine,  which  were  dragline  emplaced 
and  are  loosely  compacted  should  have  higher  permeabilities  than  compacted 
bulldozer-scraper  emplaced  spoils,  such  as  those  of  the  Bighorn  mine. 
Another  factor  that  may  account  for  the  higher  permeability  of  the  Hidden 
Water  Creek  spoils  is  that  during  the  dragline -dumping  of  spoils,  boulders 
and  cobbles  tend  to  roll  down  the  side  of  the  spoil  piles,  creating  a 
layer  of  coarse  rubble  at  the  base  of  the  spoils.    This  phenomenon  was 
observed  at  the  Decker  Mine  at  Decker,  Montana,  and  the  Rosebud  coal 
mine  near  Colstrip,  Montana.    A  layer  of  coarse  rubble  could  represent 
a  zone  of  higher  ground  water  permeability  under  a  pile  of  dragline- 
emplaced  spoils. 

The  conclusion  based  on  the  two  pump  tests  described  above  that 
permeability  depends  on  compaction  is  also  generally  supported  by 
laboratory  permeability  data.    Farkas  (1976)  has  shown  that  in  a  general 
way  as  the  density  increases,  the  infiltration  rate  decreases.  The 
style  of  compaction  and  composition  of  spoils  appears  to  be  more  important 
than  the  actual  density  of  the  spoils,  however.    To  illustrate,  a  clay 
with  a  density  of  80  lb/ft3  in  nature,  if  compacted  to  100  lb/ft3  in  a 
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spoils  pile,  would  show  a  much  smaller  infiltration  rate  than  a  fine 
to  medium-grained  sand  with  a  density  of  120  lb/ft3. 

Analysis  of  the  field  data  from  the  6  mines  also  supports  this 
conclusion.    The  density  values  (Table  h)  from  mines  where  spoils  are 
emplaced  by  dragline  (Rosebud,  Decker,  and  Hidden  Water  Creek  Mines) 
averages  91  lb/ft3.    (Note:    this  value  does  not  include  density  values 
obtained  from  test  sites  on  bulldozer-contoured  spoils  at  these  mines, 
where  the  bulldozers  have  compacted  the  dragline  emplaced  spoils.  See 
Table  k  and  tests  FF-19,  20,  21,  23,  25,  26,  30,  31,  32).    At  the  Bighorn, 
Wyodak  and  Belle  Ayr  Mines,  where  spoils  of  similar  lithologies  are 
emplaced  by  scraper  or  truck,  the  average  density  of  the  spoils  is 
approximately  102  lb/ft3.    It  can  be  concluded  that  if  less  dense  spoils 
are  desired,  emplacement  by  dragline  is  recommended. 

Figure  30  shows  a  single  graph  of  values  of  all  average  infiltration 
rates  from  hh  test  sites  versus  laboratory  permeabilities.    This  includes 
all  six  mines  studied.    The  regression  coefficient  passes  the  test  of 
significance  at  90$  confidence  limits.    The  regression  line  and 
associated  confidence  limits  show  that  field  infiltration  rates  increase 
as  the  laboratory  permeability  increases,  and  may  be  estimated  with  90$ 
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confidence  for  all  of  the  mine  spoils  studied  in  the  Powder  River 
Basin. 

Table  5  shows  the  data  from  Figure  30  summarized  according  to  the 
6  mines.    The  average  infiltration  rate  and  laboratory  permeability  of 
the  3  dragline-dumped  spoils  is  3.0  in/hr  and  10.1  gpd/ft2,  respectively; 
the  average  infiltration  rate  and  laboratory  permeability  of  the  3 
scraper  and  truck-dumped  spoils  is  7.6  in/hr  and  12. h  gpd/ft2,  respec- 
tively.   These  figures,  while  confirming  the  fact  that  spoils  with 
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larger  field  infiltration  rates  have  larger  laboratory  permeabilities, 
seems  to  contradict  the  conclusion  that  scraper  or  truck-dumped  spoils 
have  lower  permeabilities  than  dragline-dumped  spoils.    However  the 
reason  for  this  apparent  contradiction  is  believed  to  be  partly  due  to 
the  fact  that  the  overburden  lithology  at  the  three  mines  having 
scraper-dumped  spoils  contains  more  sandstone  mines  (see  Task  2  below 
for  description  of  overburden).    Additionally,  the  field  infiltration 
may  not  represent  the  entire  spoils  in  that  in  dragline-dumped  spoils 
a  coarse  rubble  layer  tends  to  form  at  the  bottom  of  the  spoils  due  to 
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large  (generally  sandstone)  blocks  rolling  to  the  bottom  of  the 
excavation.    This  rubble  layer  could  account  for  the  large  pump  test 
permeability  of  the  Hidden  Valley  mine,  as  compared  to  the  Bighorn 
mine  while  the  lab  permeability  and  field  infiltration  tests  on  the 
surface  of  these  same  spoils  showed  little  difference  in  lab  permeability 
or  field  infiltration  between  the  two  mines. 

In  summary,  then,  on  the  basis  of  2  pump  tests,  hh  field  infiltra- 
tion tests,  and  lab  permeability  tests,  it  can  be  said  that  all  other 
things  being  equal,  dragline-dumped  spoils  have  permeability  and 
effective  porosity  many  times  that  of  natural,  shallow  sandstone  aquifers 
within  the  Tongue  River  Formation  (except  for  clinker  beds  to  be  dis- 
cussed  in  Task  h  below).    The  permeability  of  truck-dumped  spoils  are 
about  the  same  as  natural  sandstone  aquifers. 
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TASK  #2-SP0ILS  COMPOSITION 
GENERAL  STRATIGRAPHY 

The  Powder  River  Basin  is  a  large  trough  which  generally  subsided 
seventy  to  thirty  million  years  ago,  and  received  great  thicknesses  of 
continental  sediments.    The  Basin  is  asymmetric,  its  axis  located  to 
the  west  of  center  of  the  Basin  (see  detailed  map  in  Hodson,  et  al, 
1973,  and  USDI,  1975).    Precambrian  rocks  attain  an  elevation  of  13,167 
ft.  in  the  Cloud  Peak  area  in  the  Bighorn  Mountains  whereas  in  the 
deepest  part  of  the  basin,  15  miles  west  of  Pumpkin  Buttes  (T.  h3  N. ,  R. 
75  W. ),  the  basement  rocks  are  at  an  elevation  of  11,000  ft.  below  sea 
level.    Topographically,  the  basin  has  low  to  moderate  relief;  elevations 
ranging  from  k,000  to  6,000  ft.  above  sea  level  (Farkas,  1976,  p.  6). 

Coal  strip  mining  in  the  Powder  River  Basin  is  largely  confined  to 
the  Paleocene  Fort  Union  and  Eocene  Wasatch  Formations.    For  this  reason, 
discussion  of  stratigraphy  will  be  limited  to  these  formations.  Outcrops 
of  the  Fort  Union  Formation  almost  entirely  encircle  the  Powder  River 
Basin.    In  Wyoming,  the  Formation  is  divided  into  a  lower  Tullock 
Member,  an  intermediate  Lebo  and  an  upper  Tongue  River  Member.    East  of 
Miles  City  in  Montana,  the  Tullock  and  Lebo  Members  are  combined  and 
called  the  Ludlow  Member  (Figure  31).    In  Montana  and  the  Dakotas,  an 
additional  member,  the  Sentinel  Butte,  overlies  the  Tongue  River 
Member  (Brown,  1958,  p.  111). 

The  Tullock  Member  decreases  from  1100  ft.  in  thickness  in  the 
southern  Powder  River  Basin  of  Wyoming  to  around  250  ft.  in  the  northern 
portion  of  the  basin  in  Montana.    The  member  is  comprised  of  friable 
gray  to  yellowish-gray  sandstone,  gray  shale,  sandy  shale  and  thin  beds 
of  coal.    The  contact  between  the  Tullock  Member  and  the  underlying 


Lance  or  Hell  Creek  Formations  of  Cretaceous  age  is  generally  agreed 
upon  as  the  base  of  the  lowest  coal  zone  above  the  last  evidence  of 
dinosaur  remains  (Brown,  1958,  p.  112). 

The  Lebo  Member  consists  of  from  150  to  1+00  ft.  of  dark  gray 
shale  interbedded  with  sandstone,  silts tone  and  a  few  thin  coal  beds. 

The  Tongue  River  Member  varies  in  thickness  from  2,000  ft.  in 
southern  Montana  to  around  600  ft.  in  the  Gillette,  Wyoming  area.  It 
consists  primarily  of  thick  bedded,  nonmarine,  yellow-brown  sandstones. 
Most  of  the  strippable  coal  in  the  Powder  RLver  Basin  is  contained  in 
this  member  (Mapel,  1958,  p.  220).    All  of  the  mines  studied  in  this 
report  are  located  in  the  Tongue  River  Member. 

The  Wasatch  Formation  of  Eocene  age  attains  a  maximum  thickness  of 
2,000  ft.  in  the  southern  Powder  River  Basin.    It  consists  primarily 
of  yellow  to  gray  sandstone,  gray  shale  and  beds  of  coal.    The  formation 
is  lithologicallv  similar  to  the  underlying  Tongue  River  Member  of  the 
Fort  Union  Formation  (Mapel,  1958,  p.  221).    Except  for  the  western 
edge  of  the  Basin,  where  the  Wasatch  is  mostly  conglomerate  and 
unconformable,  the  Wasatch  conformably  overlies  the  Fort  Union  Formation. 
In  most  areas  the  contact  between  the  two  formations  is  placed  at  the 
top  of  the  Roland  coal  bed,  or  its  equivalent,  for  lack  of  a  structural 
or  stratigraphic  break  (Love,  1952,  p.  3). 

The  source  for  most  of  these  early  Tertiary  sediment  is  generally 
believed  to  be  the  Bighorn  Mountains  to  the  west.    The  Wasatch  Formation, 
for  instance,  is  a  coarse  conglomerate  along  the  foothills  of  the 
Bighorn  Mountains  near  Story,  Wyoming,  but  rapidly  becomes  finer  grained 
within  a  few  miles  towards  the  east.    Theoretically  those  coal  mines 
closer  to  the  Bighorn  Mountains  would  contain  overburden  that  would 


be  coarser,  hence  more  permeable,  than  mines  further  east.  Detailed 
examination  of  the  stratigraphy  of  the  overburden  at  the  existing  and 
proposed  coal  mines  is  presented  below,  and  shows  that  this  hypothesis 
is  not  true. 

OVERBURDEN  AT  COAL  MINES 

Appendix  IV  shows  typical  geologic  cross-sections  of  existing  coal 
mines.    These  sections  are  representatives  of  the  working  faces  of  the 
open  cuts  during  197h  to  1976.    Because  the  overburden  varies  from 
place  to  place  in  any  coal  mine,  there  is.  a  large  variation  in  the  cross- 
sections  within  any  mine  (see  Figure  32).    Note,  for  instance,  the 
contrast  in  the  overburden  at  three  sides  of  the  Wyodak  Mine  (Appendix 
IV). 

Nevertheless,  Appendix  IV  provides  a  general  indication  of  the 
overburden  lithology.    The  lithology  of  coal  strip-mine  spoils  (Gerlach, 
1976,  p.  15),  is  generally  a  random  mixture  of  the  sediment  found  over- 
lying or  between  the  mined  coal  beds,  plus  a  variable  concentration  of 
crushed  coal  and  clinker.    The  spoils  may  be  loose  or  compacted 
depending  on  whether  the  spoils  were  dragline  emplaced  or  bulldozer- 
scraper  emplaced. 

Appendix  IV  also  shows  well  logs  for  proposed  coal  mines.  These 
logs  were  kindly  supplied  by  the  individual  coal  companies  or  Environmen- 
tal Impact  Statements  for  the  mines. 

SUMMARY  OF  SPOILS  COMPOSITION 

In  general  the  spoils  at  coal  mines  in  the  Powder  River  Basin 
contain  semi-consolidated  shale,  siltstone,  and  sandstone  from  the 
Tongue  River  or  Wasatch  Formation.     The  shale  breaks  up  and  weathers 
rapidly  upon  mining  and  exposure  to  the  air,  and  the  spoils  tend  to  be 
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very  clayey  and  impassible  to  vehicle  or  pedestrian  when  wet. 

At  most  coal  mines,  there  is  abundant  clinker  ("scoria"),  produced 
by  prehistoric  burning  of  the  coal  beds.    This  clinker  is  generally 
brick  red,  and  is  a  brecciated  baked  shale,  silts tone,  and  sandstone. 
It  is  commonly  quarried  for  road  aggregate  and  railroad  ballast  in  the 
Powder  River  Basin.    Based  on  visual  appearance,  and  the  presence  of 
closed  topographic  depressions  above  clinker  areas,  the  clinker  appears 
to  be  very  permeable,  and,  where  considerable  amounts  of  clinker  are 
added  to  the  spoils,  should  tend  to  make  the  spoils  more  permeable. 

Another  constituent  of  coal  spoils  is  crushed  coal  itself,  or 
carboniferous  shale,  which  was  inadvertantly  or  deliberately  wasted 
(see  Figure  19). 

Miscellaneous  constituents  in  the  spoils  occassionally  include 
petrified  wood,  gypsum  crystals,  and  pyrite  masses.    Appendix  IV  shows 
the  description  of  various  samples  obtained  at  the  mines. 

A  semi-quantitative  comparison  of  the  lithologies  of  the  over- 
burden between  all  existing  and  proposed  mines  is  given  in  Table  6. 
This  shows  the  ratio  of  the  thickness  of  coarse-grained  to  fine-grained 
sediments  for  each  mine.    The  permeability  factor  herein  described  is 
a  simple  parameter  used  to  quantify  the  relative  permeability  of  the 
overburden  based  on  grain  size.    The  permeability  factor  is  simply  the 
ratios  of  the  overburden  thickness  of  sediments  equal  or  coarser- 
grained  than  sandstone  to  the  thickness  of  sediments  equal  or  finer- 
grained  than  shale.    The  data  on  the  grain  size  collected  for  this  report 
may  not  be  accurately  representatives,  especially  for  proposed  mines 
where  the  overburden  is  known  only  by  drill  hole  data  supplied  by  mining 
companies.    Because  of  great  variation  in  lithology  between  open  cuts 
in  existing  mines  or  between  cores  in  proposed  mines  (I*rry  Messinger, 


36. 


pers.  comm.),  Table  6  nay  not  be  very  accurate.    I*om  Table  6,  it 
can  be  stated  that,  all  other  things  being  equal,  the  mine  studied 
having  the  coarsest-grained,  hense  most  permeable,  overburden  is  the 
Dave  Johnston  Mine.    The  finest-grained,  hence  least  permeable,  over- 
burden is  the  Amax  North  Mine.    The  data  shows  that  there  is  no 
correlation  between  grain  size  in  mines  studied  and  distance  of  mine 
from  the  Bighorn  Mountains. 


TASK  #3 -WATER  COMPOSITION 

Much  has  been  written  about  the  poor  quality  of  surface  and  ground 
water  which  typically  results  from  coal  mining.    Most  of  the  area  mined 
for  coal  in  the  United  States  is  in  the  eastern  states  such  as 
Pennsylvania,  West  Virginia,  and  Illinois.    Sulfur,  in  the  form  of  pyrite 
(FeS2)  scattered  in  the  coal,  oxidizes  and  coupled  with  high  precipitation, 
(30  to  U0  in/year)  leads  to  the  formation  of  dilute  sulfuric  acid,  among 
other  things,  in  the  drain  waters  of  many  eastern  coal  fields  (Vimmerstedt, 
et  al,  1973).    Waters  are  typically  rusty  in  color  and  stream  bottoms 
have  red  and  yellow  precipitates.    Thousands  of  miles  of  streams  are 
devoid  of  wildlife  and  vegetation  and  seriously  affected  by  coal  mining 
operations  in  the  eastern  states  (USDI,  1967). 

In  the  arid  Powder  River  Basin,  where  the  precipitation  averages 
only  about  Ik  in/year,  and  the  coal  is  low  in  sulfur,  it  would  appear 
that  the  same  magnitude  of  water  quality  problem  may  not  exist.  This 
section  of  the  report  presents  data  in  support  of  this  conclusion. 

GENERAL  WATER  QUALITY 

Much  data  has  already  been  published  on  water  quality  in  this  area. 
Pearl  and  Druse  (197u)  published  data  on  water  quality  in  the  Powder 
River  Basin.    Littleton  and  Swenson  (1950)  showed  that  water  quality  is 
generally  better  in  surficial  aquifers  near  Gillette  than  in  deep 
aquifers.    Abundant  data  is  published  in  a  report  by  the  Wyoming  State 
Engineers  (1972)  and  the  U.S.  Geological  Survey  (llodson,  et  al,  1973). 
Because  water  quality  may  be  biased  by  laboratory  or  sampling  procedure, 
only  samples  collected  first-hand  and  analyzed  by  the  same  laboratory 
are  used  in  this  paper.    In  general  the  data  conforms  to  water  quality 
from  shallow  aquifers  in  the  northern  Great  Plains  (USDI,  1975 j  Hodson, 
1971). 
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Table  7  shows  chemical  data  for  32  samples  of  water  analyzed  during 
197k  to  1976.    All  samples  were  analyzed  by  the  South  Dakota  School  of 
Mines  and  Technology  Mining  and  Engineering  Experiment  Station  under 
the  supervision  of  Dr.  Amos  L.  LLngard.    Analyses  included  the  standard 
chemical  data  for  all  32  samples j  2  samples  were  also  analyzed  for 
trace  elements. 

Table  7  also  shows  the  maximum  recommended  drinking  water  limits 
established  by  the  U.S.  Public  Health  Service.    Some  ions,  such  as 
flouride,  arsenic,  cadmium,  and  mercury,  are  toxic  to  people  if 
dissolved  in  drinking  water.    Other  ions  such  as  iron  and  manganese, 
cause  inconveniences  such  as  discoloration  of  water  or  clothes  washed 
in  the  water.    Some  ions,  such  as  sodium,  calcium,  and  sulfate  cause 
bad  taste  or  temporary  gastric  distress.    Ions  such  as  silica  and 
aluminum  are  not  harmful  in  drinking  water. 

For  ease  of  comparison,  Table  7  shows  those  elements  that  have 
greater  than  the  recommended  drinking  water  limits  (shown  by  "x"), 
those  greater  than  3  times  the  recommended  drinking  water  limits  shown 
bv  "y")>  and  those  greater  than  10  times  the  drinking  water  limits  shown 
bv  "z").    Examination  of  Table  6  shows  that  the  total  dissolved  solids 
is  high  for  almost  all  samples,  and  that  sulfate,  and  to  a  lesser  degree 
calcium,  magnesium,  and  manganese  are  also  quite  high.    In  general  the 
water  is  hard  and  basic  in  pH.    Iron,  potassium,  chloride,  and  nitrate 
are  typically  low.    The  only  trace  element  which  showed  an  amount 
greater  than  the  recommended  drinking  water  limit  is  cadmium. 

In  order  to  visually  compare  the  distribution  of  the  data  for  each 
substance  analyzed,  and  the  variation  from  the  mean,  frequency  histograms 
of  the  common  substances  were  constructed  (see  Appendix  V).    The  mean 
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and  standard  deviation  of  the  samples  are  also  shown.    From  the  frequency- 
distributions,  a  cummulative  frequency  curve  can  be  constructed  for 
each  analyzed  substance j    Figure  33  is  a  composite  cummulative  frequency 
curve  for  all  substances.    From  Figure  33  it  is  possible  to  quickly 
summarize  the  most  abundant  ions  in  the  32  samples  measured.    The  total 
dissolved  solids  of  the  water  ia  high,  because  of  large  amounts  of 
sulfate,  calcium,  and  magnesium  ions.    Histograms  for  trace  elements 
were  not  constructed  because  of  insufficient  data. 

DISCUSSION  OF  QUALITY  OF  SURFACE,  GROUND,  AND  SPOILS  WATER 

In  order  to  assess  the  efects  of  strip  mining  on  water  quality, 
28  of  the  32  water  samples  were  divided  into  three  groups:    (1)  four 
samples  collected  from  surface  waters  (streams  and  lakes)  included 
OW-9,12,26,  and  27$     (2)  sixteen  samples  collected  from  existing  wells, 
or  springs  which  indicate  natural  ground  water  include  OW-l,2,3,li,5,6, 
11,16,18,19,21,22,23,30,31,  and  32 j    (3)  eight  samples  obtained  from 
pump  tests  in  spoils  include  0W-8, 10,13, lli,15>, 17,  21;,  and  28.  Four 
samples  (OW-7,20,25,  and  29)  were  not  included  in  these  three  groups 
because  they  are  replicates  or  believed  to  be  mixtures  of  other 
samples . 

Appendix  V  shows  histograms  of  the  frequency  distribution  of  15 
substances  for  each  of  these  3  groups.    The  mean  and  standard  deviation 
are  also  shown.    From  these  curves  it  is  evident  that  ground  water  (GW) 
and  water  found  in  spoils  (SP)  have  a  higher  total  dissolved  solids 
than  surface  water  (SW). 

Statistical  tests  were  undertaken  to  determine  the  significance  of 
the  differences  betvreen  the  3  groups  described  above.    A  "t"  test 
was  used  to  test  the  hypothesis  that  there  is  no  difference  between  the 
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means.    A  95%  level  of  confidence  was  used  for  all  tests  of  any  two 
groups  tested.    For  any  given  substance,  then,  there  would  be  three  such 
tests.    Table  7  summarizes  these  3  tests  foi  all  15  substances  statisti- 
cally analyzed.    From  Table  7  it  is  apparent  that: 

(1)  Surface  water  is  not  different  in  mineral  content  than  natural 
ground  water  for  all  If?  tests.     (2)  Surface  water  is  not  different 
in  mineral  content  from  spoils  water  in  9  to  lS  properties  compared. 
Spoils  water  is  more  mineralized  than  surface  water  in  terms  of 
total  dissolved  solids,  total  hardness,  calcium,  sulfate,  and 
silica.     (3)  Water  from  spoils  was  found  to  contain  significantly 
greater  mineral  properties  than  ground  water  in  5  of  18  tests, 
including  total  dissolved  solids,  total  hardness,  calcium,  magnesium, 
and  sulfate. 

RELATIONSHIP  OF  SPOILS  TO  WATER  QUALITY 

Task  2,  composition  of  spoils,  showed  that  the  spoils  resulted 
from  the  stripping  and  dumping  of  the  Fort  Union  and  Wasatch  Formation 
sedimentary  rocks.    These  rocks  are  generally  broken  during  mining, 
thus  allowing  fresh  mineral  surfaces  to  be  exposed  to  percolating 
waters.    While  precise  hydro-geochemical  reactions  are  difficult  to 
predict,  it  can  be  stated  with  some  certainty  that  the  equilibrium 
soil-water-mineral  conditions  which  had  been  established  by  nature  over 
thousands  of  years  are  changed  by  mining,  and  with  the  initiation  of 
infiltrating  rain  water  or  percolating  ground  water  in  the  spoils, 
more  rapid  weathering  reactions  can  commence.    Some  rocks,  in  a  sub- 
aqueous environment  below  the  water  table  prior  to  mining,  were  placed 
above  the  water  table  in  a  subaerial  environment  after  emplacement  of 
spoils.    Thus  oxidizing  reactions  can  occur  more  easily. 
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The  most  soluble  mineral  commonly  found  in  the  spoils  is  gypsum 
(Ca  Sofc  •  2  H20).    Gypsum  occurs  in  the  spoils  as  massive  clear  crystal 
masses  up  to  6  in.  long  at  some  mines  (eg*  Wyodak),  and  smaller  crystals 
are  present  in  all  existing  mines  studied.    While  gypsum  constitutes 
probably  less  than  0.1*  of  the  volume  of  the  spoils,  it  is  believed  that 
the  rapid  solution  of  gypsum  causes  the  high  calcium  and  sulfate  found 
in  the  ground  and  spoils  water. 

The  high  magnesium  of  the  spoils  water  is  enigmatic  as  there  is 
little  dolomite  in  these  rocks.    Magnesium  may  originate  from  the 
solution  of  epsomite,  a  hydrated  magnesium  sulfate  (epsom  salts),  or 
from  the  weathering  of  the  clay  mineral  montmorillimite,  a  mineral 
found  in  x-ray  analyses  of  most  of  the  samples. 

Manganese  is  typically  high  in  most  samples.    In  the  well  in  spoils 
at  the  Hidden  Water^ump  test  site  manganese  reached  10  ppm,  which  is 
200  times  greater  than  the  recommended  drinking  water  limit.  The 
source  of  manganese  is  not  known,  but  could  be  due  to  the  weathering  of 
pyrolusite  or  psilomelane. 

The  PH  of  all  waters  tested  is  basic,  except  for  the  pumped  well 
at  Hidden  Water  spoils.    Basic  water  is  typical  of  this  arid  land. 
Apparently  there  is  insufficient  pyrite  present  to  form  enough  sulfuric 
acid  to  counteract  this  condition.    The  low  iron  in  all  samples  confirms 
that  pyrite  is  not  being  weathered  in  appreciable  quantities.    From  an 
environmental  point  of  view,  basic  (non-acidic)  and  low  iron  water  are 
desireable,  although  objectionable  very  high  alkaline  waters  also  contain- 
ing high  concentrations  of  sulfate,  magnesium,  manganese,  and  sodium 
have  been  reported  by  other  workers  (Hill,  1971). 

In  terms  of  water  quality  requirements  for  irrigation  (Davis  and 
DeWeist,  1966),  natural  ground  water,  surface  water,  and  spoils  exceed 
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the  maximum  recommended  concentration  for  sulfate  (500  ppm),  and 
spoils  exceed  the  maximum  recommended  concentration  for  total  dissolved 
solids  (3000  ppm).    Both  spoils  and  ground  water  are  barely  acceptable 
in  terms  of  sodium  (300  ppm). 

In  summary,  it  would  appear  that  the  quality  of  water  found  in 
the  spoils  may  be  a  serious  deterent  to  the  usefulness  of  these  waters. 
Spoils  water  is  significantly  more  mineralized  than  natural  ground 
water  from  shallow  aquifers  in  terms  of  total  dissolved  solids  and 
sulfate.    Spoils  water  exceeds  the  recommended  drinking  water  limits  for 
both  substances.    It  is  doubtful  that  land  could  sustain  long-term 
irrigation  using  these  present  waters.    The  water  would  have  industrial 
or  recreational  use;    for  instance  the  highly  mineralized  water  found 
in  tailings  ponds  (0W-12,  26)  does  support  bass  and  sunfish. 


TASK  //U-GROUND- WATER  RECHARGE  AND  RELATIVE 
PERMEABILITY  OF  SPOILS,  COAL,  CLINKER, 
AND  OVERBURDEN 

In  order  to  determine  the  practicality  of  using  abandoned  spoils 
for  sources  of  ground  water  or  for  areas  where  ground  water  can  be 
artificially  recharged,  it  is  necessary  to  predict  the  position  of  the 
water  table  in  the  abandoned  spoils  after  mining  has  ceased. 

Figure  3h  is  a  sketch  showing  three  stages  in  the  idealized 
development  of  a  coal  mine  in  the  Powder  River  Basin: 

(1)  Before  mining  occurs,  the  water  table  is  shown  above  the 
coal  bed;    the  coal  is  completely  saturated  with  ground  water 
Clinker  formed  by  the  baking  of  shale,  silts tone,  and  sand- 
stone overburden,  is  shown  to  be  partially  saturated. 

Clinker  is  formed  by  the  burning  of  coal,  generally  in 
prehistoric  times.    Some  "coal-crop  fires"  have  been  burning 
this  century  (Breckenridge,  et  al,  1971;).    The  overburden 
becomes  baked  brick-red  in  color,  and  as  the  burning  coal 
underneath  decreases  in  volume,  the  clinker  collapses  into 
a  chaotic  jumble  of  loosely  cemented  breccia  rubble.    It  is 
unlikely  that  coal  could  burn  below  much  the  water  table j 
therefore  the  fact  that  saturated  clinker  beds  are  found 
today  suggests  a  lower  water  table  in  the  past.    This  mav 
have  occured  during  the  hot  and  arid  altithermal  interval  of 
earth's  history,  6$00  to  1*000  years  ago,  during  which  time 
even  the  Great  Basin  Lakes  (Great  Salt  Lake,  etc.)  dried 
up  (Baumhoff  and  Heizer,  1965).    The  basin  of  Lake  DeSmet, 
a  natural  lake  formed  by  burning  coal  (see  Figure  1)  could 
only  have  formed  during  a  vastly  more  arid  climate. 


The  reason  why  most  active  and  proposed  coal  mines  in 
the  Powder  River  Basin  are  tinder  flood  plains  of  larger 
streams  is  because  the  coal  has  remained  saturated,  and  thus 
was  not  burned  throughout  the  Quaternary  period.    In  inter- 
file hilly  areas  the  water  table  is  deeper  and  the  coal 
has  generally  burned  to  considerable  depth.    The  overburden 
to  coal  thickness  ratios  are  greater  than  about  5:1,  and 
hence  the  coal  is"  as  economical  to  mine  as  in  the  vallevs  at 
this  time. 

(2)  During  mining,  the  overburden  is  generally  transported 
to  the  mined  out  area  and  deposited  as  spoils.    The  mine  is 
kept  dry  by  pumps  which  mav  lower  the  water  table  for  a 
considerable  distance  around  the  mine,  depending  on  the 
permeability  of  the  coal  and  overburden.    It  is  during  this 
time  that  spontaneous  combustion  of  the  coal  (Figure  35)  may 
occur,  caused  possibly  by  exothermic  oxidation  reactions 
accompanying  the  drying  of  previously  saturated  coal  and 
exposure  to  air. 

(3)  After  mining,  the  water  table  tends  to  rise  to  approxi- 
mately its  former  level.    In  Figure  3h  no  spoils  are  shown 
against  the  working  face.    This  area  would  simply  become  a 
lake. 

Portions  of  spoils  at  the  Hidden  Valley  and  Bighorn  Mine  are 
presently  saturated.    Figures  k  and  10  are  cross-sections  where  pump 
tests  were  run  in  saturated  spoils  to  determine  T  and  S.     (Goose  Creek 
actually  flows  through  the  lake  shown  at  the  Bighorn  Mine).    Present  and 
future  water  table  levels  for  other  mines  are  discussed  in  Task  5 
below. 
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There  are  five  hydrogeologic  areas  shown  "after  mining"  on 
Figure  31:    undisturbed  overburden,  coal,  the  lake,  spoils,  and  clinker. 
The  yield  that  could  be  expected  from  wells  shown  in  these  five  areas 

is  assessed  as  follows: 

(1)  Available  permeability  and  storage  data  of  the  undisturbed 
Fort  Union  strata  is  presented  under  Task  #1  above.    This  data  is 
summarized  in  Table  9.    Specific  capacity  data  is  the  amount  of  draw- 
down in  a  well  pumping  a  given  discharge,  and  is  useful  for  comparing 
the  data  in  Table  9.    In  general,  the  coefficient  of  transmissivity  (T) 
for  artesian  and  water  table  aquifers  ranges  from  approximately  2,000 
to  1,000  times  the  specific  capacity  after  pumping  for  1  day,  respectively 
(Walton,  1962).    The  coefficient  of  permeability  (K)  equals  T  divided 
by  the  aquifer  thickness  (b).    The  average  specific  capacity  of  wells 
in  the  Fort  Union  Formation  is  about  O.U  gP^/ft  of  drawdown. 

(2)  The  permeability  of  coal  is  difficult  to  assess.  According 
to  the  National  Academy  of  Science  (197U,  p.  hB),  and  other  publications 
coal  is  a  good  aquifer  in  the  Gillette  and  other  areas.    This  conclusion 
is  supported  by  many  local  ranchers  and  well-drillers.    Yet  data 
collected  at  the  Wyodak  Mine  (Appendix  VI)  shows  that  the  coal  is  not 
verv  permeable.    While  it  is  bevond  the  scope  of  this  report  to 
determine  the  permeability  of  coal  in  the  entire  Powder  River  Basin, 
an  estimate  at  the  average  specific  capacity  of  wells  in  coal  based  on 
existing  information  is  1  gpm/ft,  with  great  variation  around  the  mean. 

(3)  Drawdown  from  the  lake  is  limited  only  by  the  recharge  to  the 
lake.    It  has  infinite  permeability  and  specific  capacity. 

(U)  The  specific  capacity  of  spoils  studied  in  this  research 
project  range  from  0.3  for  truck  and  scraper-dumped  spoils  to  1.7  gpm/ft 
for  dragline -dumped  spoils. 


(5)  Clinker  beds  were  found  to  be  amazingly  productive  aquifers 
where  saturated.    Appendix  VI  describes  a  1*3  ft.  deep  water  well 
drilled  for  1-90  construction  2  mi.  northwest  of  the  Wyodak  Mine  at 
Gillette.    The  drawdown  from  pumping  360  gpm  for  2h  hours  was  only  20  ft., 
yielding  a  specific  capacity  of  18  gpm/ft.    The  areal  extent  of  clinker 
beds  in  the  Powder  River  is  not  known.    They  are  found  near  the  coal 
beds  and  are  used  as  sources  of  aggregate  (Breckenridge,  et  al,  1971;). 

in  terms  of  relative  permeability,  the  surficial  deposits  shown 
in  Figure  3U  and  Table  9  can  be  summarized  using  mostly  specific 
capacity  data.    The  ratio  of  permeability  of  clinker,  dragline-dumped 
spoils,  coal,  undisturbed  overburden,  and  scraper-dumped  spoils,  is 
roughly  20/2/1/0.U/0.3.    These  permeabilities  vary  greatly  from  mine  to 
mine,  but  the  ratios  are  useful  for  general  comparative  purpose. 


TASK  #5>-RE CHARGE  SITES 
The  goal  of  Task  5  of  this  research  project  is  to  delineate  specific 
mines  where  useful  ground  supplies  could  be  obtained  upon  abandonment. 

Figure  3h  shows  the  idealized  situation  where  spoils  become  a  man- 
made  aquifer.    The  water  table  is  near  the  surface  of  the  ground  prior 
to  mining;  upon  abandonment,  the  excavated  open  pit  and  spoils  fills 
with  water  to  some  depth,  forming  a  lake  and  saturating  some  spoils.  A 
useful  water  catchment  has  thus  been  made,  albeit  inadvertently.  This 
situation  has  already  been  achieved  at  the  Hidden  Water  Mine  5  mi. 
northeast  of  Monarch,  Wyoming  (Figure  h). 

There  are  many  variations  in  the  idealized  sequence  shown  in  Figure 
31*.    It  is  difficult  to  accurately  assess  the  degree  to  which  a  useful 
water  catchment  area  will  be  formed  at  specific  mines  because  mines 
may  not  be  able  to  accurately  predict  the  number  of  years  they  will 
operate,  and  the  ultimate  size  of  their  open  pit.    In  this  area  coal 
mines  are  generally  estimated  to  have  life  expectancies  of  20  to  30 
years.    At  a  given  rate  of  mining,  for  example  h  million  tons  per  year, 
the  volume  of  the  open  pit  can  be  predicted.    Economics  will  dictate 
the  eventual  break  even  point  for  the  mines,  however.    As  shown  in 
Figure  3h,  the  overburden  gets  thicker  as  mining  progresses  into  the 
hillside.     Currently  a  3:1  to  5:1  overburden/coal  ratio  on  a  $0  ft.  or 
greater  coal  bed  is  considered  roughly  break-even  mining.  Future 
energy  needs  will  be  dictated  by  uranium,  oil,  and  other  possible 
energy  considerations,  and  will  affect  the  economics  of  coal  mining. 
Additionally,  it  is  difficult  to  predict  the  future  water  level  in 
abandoned  mines  because  of  limited  data  on  the  present  position  of 
the  water  table. 
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In  this  course  of  this  research,  it  was  found  that  the  permeability 
of  the  scraper  or  truck-dumped  spoils  was  approximately  the  same  as 
natural  sandstone  or  coal  beds  in  the  Tongue  River  Formation.  Dragline- 
dumped  spoils  have  permeabilities  about  twice  as  great  as  natural  sand- 
stone or  coal  beds.    The  permeability  of  clinker,  however,  is  an  order 
of  magnitude  greater  than  even  the  dragline -dumped  spoils.    Therefore  it 
seems  futile  to  elaborate  on  the  possibility  of  recharging  spoils  when 
there  are  sizeable  areas  of  highly  permeable  clinker  all  over  the  coal- 
producing  area  of  the  Powder  River  Basin  (see,  for  instance,  the  areal 
extent  of  clinker  mapped  in  Campbell  County  as  shown  in  Breckenridge, 
et  al.  197U).    For  these  reasons,  then,  this  section  of  this  report  is 
condensed  to  include  only  a  brief  description  of  the  hydrologic  conditins 
which  may  occur  at  the  existing  and  proposed  mining  areas  upon  abandonment, 
and  the  economic,  agricultural,  or  recreational  use  of  water  at  these 
abandoned  mines. 

Wyodak  Mine 

The  mine  which  has  some  of  the  best  information  on  the  present  water 
table  conditions  is  the  Wyodak  mine,  5  mi.  east  of  Gillette.    Figure  36 
shows  wells  where  static  levels  have  been  measured.    Equipotential  lines 
were  drawn,  and  flow  lines  drawn  perpendicular  to  the  equipotential 
lines.    It  can  be  seen  that  ground  water  tends  to  move  down  the  valley 
of  Donkey  Creek.    The  water  table  is  approximately  the  same  as  the 
level  of  Donkey  Creek  which  lies  about  10  ft.  above  the  top  of  the  85 

ft.  Wyodak  coal  bed. 

The  Wyodak  Mine  is  exceptional  in  that  it  has  a  very  thick  coal  bed 
and  very  little  overburden  (Appendix  IV).    For  this  reason  the  ultimate 
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open  pit  will  probably  be  large  but  contain  little  spoils.    Because  the 
water  table  is  high,  the  end  product  of  mining  will  be  for  the  most  part 
a  lake,  containing  submerged  spoils  on  the  bottom.    Therefore  it  makes 
no  sense  to  reclaim  the  spoils  for  agricultural  purposes  except  for 
consideration  during  the  actual  time  of  mining. 

Fifty  years  from  now  the  residents  of  the  Gillette  area  may  want  to 
use  the  lake  for  recreation.    Therefore  it  would  be  advisable  to  move 
the  effluent  from  the  Gillette  sewage  plant  to  a  point  downstream  on 
Donkey  Creekj  otherwise  the  lake  would  only  be  a  sewage  lagoon.    If  the 
unpolluted  Donkey  Creek  is  permitted  to  flow  into  the  lake  it  would 
supply  recharge  waters,  but  sedimentation  would  lead  to  the  ultimate 
filling  in  of  the  lake. 

Belle  Ayr  Mine 

Rydrogeologic  conditions  at  the  Belle  Ayr  Mine,  lU  mi-  south  of 
Gillette,  are  described  in  research  by  the  Wyoming  Water  Resources 
Research  Institute  and  the  U.S.  Forest  Service  (Packer,  1975).  Conditions 
generally  are  similar  to  the  Wyodak  Mine.    Tne  Belle  Ayr  Mine  is  along 
the  flood  plain  of  Caballo  Creek  (Figure  37).    Although  the  overburden 
is  thicker  than  Wyodak  (Appendix  IV),  there  may  be  insufficient  spoils 
to  fill  in  the  excavation  unless  they   are  transported  from  areas  of 
thicker  overburden.    According  to  Persse  (1975),  the  mined  area  will  be 
70  ft.  lower  in  elevation  than  the  original  ground.    Thus  a  lake  about  50 
ft.  deep  would  form  over  the  spoils  unless  provisions  are  undertaken  to 
prevent  this.    The  lake  could  be  recharged  by  Caballo  Creek  and  could 
become  a  fine  recreational  area. 

Bighorn  Mine 

The  Bighorn  Mine  (Figure  11)  is  a  large  and  complex  area.    Coal  is 
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being  mined  beneath  the  flood  plain  of  the  Tongue  River  to  the  east  of 
Acme,  and  is  also  being  mined  into  a  hillside  southeast  of  Acme  (Figure 
32).    Under  the  flood  plain  the  open  pit  will  largely  fill  with  water, 
as  is  the  case  at  the  pump  test  site  along  Goose  Creek  described  in 
Table  1  above.    Under  the  hill,  the  open  pit  and  contained  spoils  will 
ultimately  be  saturated  to  a  varying  but  undetermined  degree. 

Decker  Mine 

The  Decker  Mine,  1$  mi.  northeast  of  Sheridan,  (Figure  2$  and  26) 
is  one  of  the  largest  operating  coal  mines  in  the  United  States.    It  has 
been  the  site  of  hydrogeologic  studies  by  the  Montana  Division  of  Mines 
and  Geology  (Van  Voast,  1973,  197U). 

The  coal  presently  being  mined  northeast  of  the  Tongue  River  is  most- 
ly at  an  elevation  below  the  level  of  the  Tongue  River  and  the  Tongue 
River  Reservoir  which  backs  water  up  to  this  point.    Much  of  the  water 
leakage  into  the  mine  on  the  east  side  is  believed  to  be  Tongue  River 
water  (R.A.  Gjere,  pers.  comm.).    The  fact  that  the  water  table  lies 
above  the  coal  can  be  confirmed  by  inspection  of  Figure  3$,  which 
shows  ground  water  seeping  into  the  southwest  side  of  the  open  pit. 

On  the  basis  of  limited  hydrogeologic  data  obtained  from  field  in- 
spection of  the  mine  and  topographic  maps,  it  appears  that  the  spoils 
will  be  largely  saturated  upon  abandonment.    This  fact,  combined  with 
the  relatively  good  permeability  and  porosity  of  dragline -dumped  spoils 
will  make  the  spoils  productive  for  water  wells.    This  aquifer  can 
easily  be  recharged  by  surface  canals  from  the  Tongue  River  itself, 
which  has  a  large  discharge  (Frickel  and  Shown,  197U).    In  doing  so, 
however,  the  quality  of  the  Tongue  River  water  can  be  expected  to  de- 
teriorate accordingly. 
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Because  the  availability  of  the  Tongue  River  Reservoir  whioh  adjoins 
the  Decker  Mine,  the  question  of  whether  it  -ill  ever  be  practical  to 
artifieially  recharge  the  spoils  during  periods  of  high  Tongue  River 
discharges  and  later  pump  water  out  of  the  apoils  during  periods  of 
drought  can  only  be  answered  by  future  water  resource  economics. 

Dave  Johnston  Mine 

The  Dave  Johnston  Mine,  located  15  1.  north  of  Glenroclc,  is 
generally  in  a  hilly  area  above  the  water  table  (see  cross-sectional 
sketch  in  Appendix  XV).    Therefore  these  spoils  are  not  likely  to  become 
saturated  upon  abandonment.    The  likelihood  of  artificially  recharging 
the  spoils  with  surface  water  seems  remote  because  of  the  absence  of 
streams  in  the  area. 

Colstrip 

The  Rosebud  Mine,  operated  by  Western  Energy  Co.,  and  the  Big  Sky 
Mine,  operated  by  Feabody  Coal  0,.,  are  two  of  the  larger  mines  in  the 
Powder  River  Basin,  and  have  been  the  site  of  extensive  studies  in 
reclamation  (Hodder,  et  al,  1972)  and  limited  studies  in  hydrology 
(Van  Voast,  197h).    imitations  on  time  prevent  this  research  prCect 
from  studying  possible  recharge  sites  at  the  Colstrip  mines,  but  a 
preliminary  reconnaisance  of  the  area  shows  that  there  is  the  possibility 
of  diverting  Rosebud  Creek  from  a  position  a  few  miles  south  into  the 
Colstrip  mining  area. 
Proposed  Mines 

The  following  is  a  brief  description  of  the  hydrogeology  of  several 
proposed  mines.    At  most  proposed  mines  hydrologic  data  is  minimal. 
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Manv  are  located  in  remote  areas  for  which  lh  min.  quadrangle  topographic 
maps  are  not  available.    Data  on  stratigraphy  of  overburden  based  on 
mining  company  test  holes  is  presented  in  Appendix  IV.    Data  on  the  level 
of  the  water  table  in  these  test  holes  is  generally  not  recorded  by  the 
mining  companies.    Therefore  only  the  most  cursory  statements  can  be  made 
at  this  time. 

Carter  Mining  Company  plans  to  develop  the  Rawhide  Mine  10  mi. 
northeast  of  Gillette.    Plans  for  the  mining  and  reclamation  are 
extensively  treated  in  the  Environmental  Impact  Statement  (U.S.  Dept. 
of  Interior,  1971*).    Much  of  the  mined  area  will  be  recharged  by  Little 
Rawhide  Creek,  and  artificial  lakes  will  be  formed  in  the  trough-like 
depressions  of  contoured  spoils. 

Atlantic  Richfield  Company  (ARCO)  plans  to  develop  the  Black  Thunder 
Mine  in  T.  U3  N.,  R.  70  W,  about  U0  mi.  south-southeast  of  Gillette. 
According  to  the  Environmental  Impact  Statement  (U.S.  Dept.  of  Interior, 
197U,  p.  111-99),  after  mining  is  completed  "the  land  will  be  returned 
to  the  same  existing  general  landform,  low  rolling  hills;  two  major 
streams  will  be  reestablished  in  about  their  original  streambedsj  and 
water  impoundments,  depending  on  water  quality  and  state  water  laws,  can 
be  created  in  the  channels  of  North  Prong  and  Little  Thunder  Creeks 
while  maintaining  normal  downstream  flow." 

Kerr-McGee  Coal  Corporation  also  plans  to  develop  the  Jacobs  Ranch 
mine  in  T.  U3  N. ,  R.  70  W,  about  h0  mi.  south-southeast  of  Gillette. 
According  to  the  Environmental  Impact  Statement  (U.S.  Dept.  of  Interior, 
197k,  P.  v-105),  "the  overall  altitude  of  the  land  could  be  reduced  by 
Uh  ft. j  this  could  result  in  less  runoff  in  low  areas  where  ponding  may 
occur."    Hence  the  spoils  will  be  saturated  and  submerged  in  places 
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by  ground  water  and  by  the  tributaries  of  the  North  Prong  and  Little 
Thunder  Creek. 

A  recent  draft  environmental  statement  has  been  prepared  on  the 
Cordero  Mine  (U.S.  Geological  Survey,  1975).    The  MLne,  owned  by  Sun 
Oil  Co.,  will  be  in  T.  hi  N. ,  R.  71  W,  about  20  mi.  aouth-southeast  of 
Gillette.    Plans  call  for  the  diversion  of  the  Belle  Fourohe  River 
during  mining.    After  mining,  much  of  the  spoils  will  be  submerged 
because  (U.S.  Dept.  of  Interior,  1975,  p.  III-2)  "the  average  lowering 
of  the  land  will  be  about  33  ft."  and  water  table  ponding  will  occur 
in  topographic  depressions  in  the  spoils. 


CONCLUSIONS 

The  information  obtained  in  this  research  indicates  that  the  coal 
strip  mines  in  the  Powder  River  Basin  will  inadvertantly  produce  numerous 
man-made  aquifers.    Where  the  overburden  is  predominately  coarse-grained 
strata,  and  particularly  where  the  overburden  is  stripped  and  dumped  by 
dragline  as  opposed  to  scraper  or  trucks,  the  spoils  will  contain 
sufficient  porosity  and  permeability  which  will  be  equivalent  to  or 
slightly  greater  than  existing  natural  shallow  sandstone  aquifers. 
It  is  not  known  to  what  extent  future Acompaction  of  the  spoils  may 
occur.    In  all  likelihood  the  permeability  and  porosity  would  be  less 
in  spoils  which  have  compacted  over  the  years. 

At  some  mines  most  of  the  spoils  will  ultimately  become  saturated 
with  percolating  ground  water,  such  as  the  Decker,  Bighorn,  and  Belle 
Ayr  Mines.    The  Wyodak  open  pit  will  become  largely  a  lake.    In  other 
mines  streams  can  be  diverted  into  the  spoils  to  artificially  recharge 
them  to  allow  for  the  storage  of  water  until  the  water  can  be  withdrawn 
during  the  dry  season. 

Water  quality  will  limit  the  use  of  water  withdrawn  from  these  spoils, 
however.    Natural  ground  water  has  generally  poor  quality  in  the  Powder 
River  Basin.    Water  in  spoils  was  found  to  be  significantly  more  highly 
mineralized  than  natural  ground  water  in  terms  of  total  dissolved  solids, 
calcium,  magnesium,  and  sulfate.    Spoils  water  exceeds  the  recommended 
drinking  water  limits  in  these  and  other  ions,  and  it  is  doubtful  that 
the  water  could  be  used  for  long-term  irrigation.    Water  collected  in 
artificial  lakes  formed  by  the  excavations  or  by  depressions  in  spoils 
could  be  used  for  recreation  (swimming  or  fishing)  in  artificial  lakes, 
or  used  for  livestock,  or  for  fire  prevention  or  industrial  use. 


To  what  extent  the  quality  of  water  in  spoils  may  improve  centuries 
from  now  is  impossible  to  predict,  although  lab  studies  by  Vimmerstadt 
et  al  (1973)  show  it  generally  improve. 

As  a  by-product  of  this  research,  clinker  beds  were  found  to  have 
great  potential  for  ground  water  recharge.    Where  saturated,  the 
clinker  yields  water  to  wells  ten  times  as  great  as  spoils  or  existing 
sandstone  aquifers.    Future  research  in  Powder  River  Basin  hydroeeology 
should  be  directed  to  quantifying  the  extent  and  ground  water  potential 
of  clinker  beds. 
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Index  map  of  Powder  River  Basin.    Landsat  image  #1300-1721*3, 
Band  5,  taken  on  May  19,  1973  from  an  altitude  of  about 
5f>0  miles. 
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figure  2.       Cross-section  of  typical   spoils   emplacement  by 

a  dragline.    (After  Dept.   of  Interior,   1974,  p.  1-67.) 


Figure  3.    Topographic  map  of  Hidden  Water  Creek  coal  mine  area. 

From  U.S.  Geological  Survey  lh  minute  Monarch  quad- 
rangle.   See  Figure  k  for  cross-section  B-B' . 
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Figure  1*.    Geologic  cross-section  B-B'  through  the  Hidden  Water  Creek 
coal  mine  pump  test  site  showing  the  approximate  Strati- 
graphic  relations  of  the  coal  beds  within  formations  of 
the  Fort  Union  Group.    Location  of  section  B-B'  shown  in 
Figure  3.    Cross-section  is  drawn  approximately  parallel 
to  the  strike  of  the  formation.    Horizontal  scale  21 
map  scale.    Vertical  lH  map  scale. 
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Figure  5.    Drilling  observation  well  S.  85°  W.  no.  1,  Hidden  Water 
Creek  mine. 
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Figure  6.    Detailed  topographic  map  of  Hidden  Water  Greek  mine. 
See  Figure  10  for  cross-section  A-A' . 
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Fig.  7    Topography  of  the  Hidden  Water  Creek  coal  mine  pump  teat  site. 
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Pig.  8    Measuring  the  piezometric  surface  during  the  Hidden  Water 
Creek  coal  mine  pump  test  with  a  Soiltest  electric  water 
level  indicator.    A  portable  generator  supplied  electricity 
to  power  a  submersible  water  pump. 


Figure  9. 


Drawdown  after  Ihll  minutes  of  pumping  at  the 
Water  pump  test.    See  Figure  10  for  location  of  cross- 
section  A-A». 


CROSS-SECTION  A-A  SHOWING  THE  CONE  OF  DEPRESSION  AT  HIDDEN  WATER  CREEK  PUMP  TEST  SITE  AFTER  1411 

MINUTES  OF  CONTINUOUS  PUMPING  AT  20.7  GPM 
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Figure  10.  Cross-section  at  Hidden  Water  Creek  pump  test  area.  See 
Figure  9  for  location  of  cross-section  A-A' . 


Figure  11.  Topographic  map  of  Bighorn  mine.    From  U.S.  Geological 
Survey  lh  minute  Acme  quadrangle.    See  Figure  12  for 
cross-section  B-B' . 
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WMre  12    Geologic  cross-section  B-B'  throueh  the  Bighorn  coal  mine 
ngarB  ^  J£  test  site  showing  the  approbate  ^ratigraphxc  re- 
lations of  the  coal  beds  within  formations  *  rt  Union 
Group.    Location  of  section  B-B'  shown  in  Figure  11. 
Cross-section  is  drawn  approximately                *°  the 
strike  of  the  Tongue  River  Formation  in  this  area. 
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Figure  13.    Bighorn  pump  test  site.    Arrow  points  to  pumping  well.  Goose 
Greek  is  in  foreground. 
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Figure  lk*  Detailed  topographic  map  of  Bighorn  mine  pump  test  area. 
Cross-section  A-A'  shown  in  Figure  16. 
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DRAWDOWN  AT  BIGHORN  COAL  MINE  PUMP  TEST  AFTER  2777  MINUTES  OF  CONTINUOUS  PUMPING  AT  6.5  GPM 



Figure  1$.  Map  of  drawdown  after  2777  minutes  of  pumping  at  Bighorn 
pump  test  area.    See  Fig.  16  for  cross-section  A-A' . 


a-a  showing  7mj33ms^2&&  ;ssSS^ 


CROSS  SECTION  ^^^^^^TCR  2777  MINUTES 


Figure  16.  Cross-section  at  Bighorn  pump  test  area.    location  of  ^ 
section  A-Aj  shown  in  Figure  lli. 
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Figure  17.  Infiltration  tests  at  Hidden  Water  Creek  mine  (SE  \  of 

Sec.  1,  T.  57  N. ,  R.  85  W. ).  Cylinders  are  spaced  15  ft. 
apart  on  the  top  of  a  30  ft.  high  spoils  pile. 
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Figure  19.  Belle  Ayr  mine  (NW  k  of  Sec.  3h,  T.  1*8  N.,  R.  71  W. ). 
Spoils  emplaced  by  truck,  then  leveled  by  bull- 
dozers  and  roadgraders. 


 :  :  ,  


Figure  20.        Soiltest  model  K-612  permeameter  in  operation. 

"A"  indicates  constant  water  head  level.  "B" 
indicates  Soiltest  permeameter  containing  spoils 
sample.     "C"  indicates  outlet  where  discharge 
is  collected. 
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h— d  — H  |4j 


Basic  Formula 

k  =  QL 
AH 


Conversion  Units 

500  ml=  0.1315  gal 

1  day=   86400  sec 

Qgal/day=(0. 1315) (86400) 
Trial  sec 


Parameters 

L=   7/12  ft 

H=   34/12  ft 

A=  0.1963  ft2 

K=  Coefficient  of 
permeability 
(gal/day/ft2) 

Q=  Discharge  (gal/day) 

k=    (Q)  (7/12)  =  1.05(Q)gal/day/ft2 

(0. 1963)  (34/12) 

21.       Illustration  of  constant  head  permeameter. 

Parameters  and  conversion  factors  utilized  in 
the  calculation  of  permeabilities  shown. 
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Figure  22.  Topographic  nap  of  Hidden  Water  Creek  Mine.    Locations  of 
nine  infiltration  test  sites  shown.     (Base  map  from  U.S. 
Geological  Survey  7h  minute  Monarch  quadrangle,  19Sh). 
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Figure  23.  Topographic  map  of  Bighorn  Number  One  Mine.    Location  of 
eight  infiltration  test  sites  shown.     (Base  map  from  U.S. 
Geological  Survey  7h  minute  Acme  quadrangle,  1968). 
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Figure  21*.  Topographic  map  of  Rosebud  Mine.    Locations  of  eight 

infiltration  test  sites.  (Base  map  from  U.S.  Geological 
Survey  lh  Cols trip  SE  quadrangle,  1971). 
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.,  a) 


Figure  25. 


Decker  mine    CSW^sec.   16,  T.    9  S.,   R.    40  E . ) ■ 
"A"   shows   spoils  which  have  been  contoured  but 
no  topsoil   added.     Vegetated  spoils   in  area  "B" 
have  topsoil   added.     Area  "C"  shows   large  un- 
contoured  spoils  hill   as   left  by  dragline. 
Current  mining  operations   are  shown  in  area  "D" 
Area  "E"   shows  undisturbed  overburden. 
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Figure  26.  Hachured  area  shows  approximate  outline  of  197$  working 

pit  with  access  roads,  Decker  Mine.    Spoils  areas  indicated 
by  eight  infiltration  test  sites  shown.     (Base  map  from 
U.S.  Geological  Survey  lh  minute  Decker  quadrangle,  1967). 
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Figure  27.  Topographic  map  of  Wyodak  Mine.    Locations  of  six  infil- 
tration test  sites  shown.    (Base  map  from  U.S.  Geological 
Survey      minute  Gillette  East  quadrangle,  1971. ) 
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Figure  28.  Topographic  map  of  Belle  Ayr  mine.    Locations  of  five  infil- 
tration test  sites  shown.    (Base  map  compiled  from  U.S. 
Geological  Survey  7h  minute  Gap  SW  and  Saddle  Horse  Butte 
quadrangles,  1971. ) 
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PUMPED  WELL 


Diagrammatic  representation  showing  the  three  idealized 
Figure  29.    ways  leaky  artesian  time-drawdown  data  curves  may  be 
generated  while  pumping  a  water  table  aquifer:    1 ) 
Induced  infiltration  of  water  from  a  body  of  surface 
water,  2)  Recharge  from  an  underlying  aquifer,  3) 
Delayed  gravity  drainage  of  fine-grained  sediments. 
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10.0 
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Statistical  Data: 

Equation  of  line:     y=  3.685+1.301x 

r=  +0.643 
r2=  0.413 


©  Hidden  Water  Creek  Mine 
&  Big  Horn  Mine 
X  Rosebud  Mine 


□  Decker  Mine 
\  Wyodak  Mine 
+   Belle  Ayr  Mine 


Figure  30.      Graph  of  laboratory  permeability  versus  infil- 
tration rate   for  all  six  mines  investigated. 


E 


N 


MONTANA 


DAKOTA 


N.D. 


H 

m 
SO 
H 

> 


figure  31. 


Idealized  stratigraphic  section  of  Upper  Cretaceous  and  Tertiary 
formations  between  Glendive,  Montana  and  Bismark,  North  Dakota. 
Not  to  scale.    (After  the  Tertiary  Committee,   1954,   p.  12.) 
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Figure  32.  Main  pit  of  Bighorn  coal  mine.    Dietz  #3  (?)  and  Monarch  (?) 
coal  beds  converge  to  produce  a  single  workable  coal  bed 
nearly  5>0  ft.  thick.    Arrow  in  photo  points  to  the  approx- 
imate location  of  the  measured  section  listed  in  the 
Appendix. 
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Figure  3h.  Idealized  sketch  showing  three  stages  of  development  of  a 
coal  mine. 


Figure  35.  Working  face  of  the  Decker  Mine,  Montana.    Arrow  locates 
ground  water  seeps  (water  sample  OW-11)  just  over  the 
Dietz  #1  coal  bed.    Three  white  areas  on  coal  in  fore- 
ground are  fires  caused  by  spontaneous  combustion. 
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Figure  37.  Topographic  map  of  Belle  Ayr  mine  area.    From  U.S.  Geological 
Survey  7h  minute  quadrangle  maps,  The  Gap  SW  and  Saddle 
Horse  Butte,  1971. 
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Table  1.    Summary  Calculations  for  Transmissivity  (T),  Permeability 
(K),  Storage  (S),  Thickness  of  Saturated  Spoils  (B),  and 
Leaky  Function  (r/B)  for  the  Hidden  Water  Creek  Coal  Mine 
Spoils  Pump  Test. 

Time-Drawdown  Plots; 

Obs.  Well     T(gpd/ft)      K(gpd/ft2)       S         B(ft)         r/B  Comments 

S.85°W.#1 
S.85°W.#2 
S.85°W.#3 
S.85°W.#4 
N.20°W.#1 
N.20^/.#2 
N.20°W.#3 
N.20°W.#4 
E.22 °S.#1 
E.22  S.#2 
E.22°S.#3 


Average 


10,310 

430 

0.055 

33.0 

0.20 

good  curve 

9,120 

370 

0.062 

24.5 

0.15 

good  curve 

5,600 

210 

0.496 

26.5 

fair  curve 

6,680 

250 

0.039 

26.5 

fair  curve 

9,880 

400 

0.125 

24.5 

0.25 

good  curve 

7,190 

300 

0.131 

24.0 

0.50 

good  curve 

9,970 

440 

0.022 

22.5 

0.50 

good  curve 

6,540 

320 

0.006 

20.5 

1 .00 

fair  curve 

15,300 

660 

0.077 

23.0 

good  curve 

6,080 

260 

0.270 

23.5 

fair  curve 

4,160 

190 

0.151 

22.0 

fair  curve 

8,257 

348 

0.128 

24.5 

0.24 

Distance-Drawdown  Plots 


Obs.  Wells 


T(ffP<i/ft) 


Comments 


Wells  S. 85V 1-4 
Wells  E.22°S.1-3 
Wells  N.20°W.1-4 


14,010 
14,380 


0.137 
0.112 


good  curve 
good  curve 
no  curve 


Average 


13,850 


0.212 





Table  2.    Water  quality  at  Hidden  Water  Creek  pump  test  area.  1. 

strip  mine  pond  southeast  of  Hidden  Water  Creek  mine  pumping 
well,  and  water  quality  of  pumping  well  discharge  after 
2.    1.9$  hours  pumping,  and  after  3.    26. 1*2  hours  pumping. 
Analysis  determined  by  the  Engineering  and  Experiment 
Station,  South  Dakota  School  of  Mines  and  Technology. 


Substance 


Concentration,  mg/l 





Total  Dissolved  Solids 
Volatile  Dissolved  Solids 
Total  Suspended  Solids 
Total  Hardness 
Carbonate  Hardness 
Non-Carbonate  Hardness 
pH 

Alkalinity  (Met.  Orange) 
Turbidity  (J.TJ.) 
Spec-Conductance 
Calcium  (Ca) 
Magnesium  (Mg) 
Sodium  (Na) 
Potassium  (K) 
Iron  (Fe) 
Manganese  (Mn) 
Chloride  (ClJ 
Sulfate  (SO.^ 
Silica  (SiO^ 
Nitrate  (N) 
Orthophosphate  (PO.) 
Total  Phosphate  (PC>4) 


1 

2 

3 

1826 

5210 

5906 

310 

618 

1566 

13 

71 

105 

996 

3592 

5454 

184 

166 

188 

812 

5226 

5246 

(8.2) 

(5.8) 

(5.9) 

184 

166 

188 

(20) 

(  400) 

(  400) 

(1900) 

(4100) 

(4400) 

115 

592 

554 

172 

586 

755 

88 

175 

100 

25 

15 

20 

0.02 

21 

50 

0.02 

10 

7 

1.5 

1.5 

1.0 

860 

5154 

5155 

8.3 

29 

55 

0.06 

0.11 

0.06 

0.1 

0.1 

0.1 

3.1 

7.0 

5.8 

Table  3.    Water  quality  at  Bighorn  pump  test  area.    1.    Goose  Creek 
Pond  at  the  Bighorn  coal  mine  pump  test  site,  2.  ground- 
water seep  at  the  south  end  of  main  pit  of  the  Bighorn  coal 
mine,  3.    pumping  well  discharge  of  Bighorn  mine  pump  test 
after  1.10  hours  pumping,  and  k.    pumping  well  discharge 
after  32.80  hours  pumping.    Analyses  determined  by  the  Engi- 
eering    and  Mining  Experiment  Station,  South  Dakota  School 
of  Mines  and  Technology. 


Substance 


Concentration .  mg/l 


JL 


Total  Dissolved  Solids 
Volatile  Dissolved  Solids 
Total  Suspended  Solids 
Total  Hardness 
Carbonate  Hardness 
Non-Carbonate  Hardness 
pH 

Alkalinity  (Phenolph'n) 
Alkalinity  (Met.  Orange) 
Turbidity  (J.U.) 
Spec.  Conductance 
Calcium  (Ca) 
Magnesium  (Mg) 
Sodium  (Na) 
Potassium  (K) 
Iron  (Fe) 
Manganese  (Mn) 
Chloride  (Cl< 
Sulfate  (SO 
Silica  (SioJ, 
Nitrate  (N) 
Orthophosphate  (P0.) 
Total  Phosphate  (PO^) 
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Table  h.    Infiltration  data 
Powder  River  Basin. 


summary  for  all  mines  investigated  in  the 


Mine 


Test  Site* 


i 


Hidden 

FF-1 

Water 

FF-2 

Creek 

FF-3 

Mine 

FF-7 

FF-6 

FF-9 

FF-10 

FP-11 

. 

FF-  12 

Big 

FF-4 

Horn 

FF-S 

Mine 

FF-13 

FF-14 

FF-1S 

FF-16 

FF-44 

FF-45 

D            Anil  rl 

KOS  8DUO 

FF-17 

Mine 

FF-18 

FF-19 

FF-20 

FF-21 

FF-22 

FF-23 

FF-  24 

Decker 

FF-2S 

Mine 

FF-26 

FF-27 

FF-28 

FF-29 

FF-30 

FF-31 

PF-32 

W/odak 

FF-33 

Mine 

PP-S4 

FF-38 

PP-S6 

FP-37 

FF-38 

Belle 

FF-39 

Ayr 

FF-40 

Mine 

FF-41 

FF-42 

FF-43 

Infiltration  Laboratory 
Rate  Permeability 
(in/hr)  (gal/day/£t2) 


Field 
Moisture  Content 


Field 
Density 
(lb/ft3} 


10.0 
2.7 
6.S 
S.O 
4.4 
2.2 
4.6 
1.4 
2.5 

17.6 
0.7 
1.2 
0.5 
3.5 
0.7 
3.6 
0.3 


0.2 
0.4 


37 
10 

0 
0 
0 
0 


3.5 
0.6 
2S. 7 
3.6 
1.5 
3.2 


3 
4 
5 
5 
3.5 


5.2 
5. 5 
4.6 

48.0 
4.4 
7.6 
0.9 
0.9 

12.6 

22.8 
6.6 
9.9 
2.3 
14.6 
10.8 
7.3 
2.7 

5.1 
57.6 
2.0 
0.9 
1.9 
1.0 
1.8 
13.0 

0.8 

0.7 
0.9 
1.5 
0.9 
0.9 
0.4 
0.8 

9.S 
6.6 
38.0 
18.1 

7.1 

7.7 


8 

6 
7 
9 

10.6 


1 

6 
39 
5 


10.  3 

81.3 

10.3 

ft  1  X 

7.  3 

102.5 

10.  7 

73.  7 

5.8 

83.6 

11.3 

110.1 

15.2 

97.3 

8.1 

92.4 

12.9 

106.  8 

1  7  2 

93.2 

10.  2 

95.0 

4.4 

104.6 

5.6 

106.8 

9.  7 

88.  5 

6.  3 

84.  2 

8.6 

10S.6 

9.3 

108.  3 

1 .  3 

6.  1 

76.5 

2.0 

115.  3 

1.8 

III. 5 

1.3 

112.2 

2.0 

9S.3 

2.9 

109.3 

0 .  7 

ini  e 

*T1.6 

126.7 

2.0 

121.1 

3.4 

102.7 

4.8 

96.6 

3.  2 

104.6 

2.0 

108.0 

3.6 

115.4 

2.9 

128.7 

10.4 

101.6 

3.9 

124.8 

S.S 

96.2 

8.1 

81.3 

2.S 

114.4 

3.9 

111.2 

3.6 

122.8 

3.7 

88.5 

6.8 

89.0 

5.4 

98.  1 

4.8 

98.5 

in  the  detailed 
paper. 


Hidden 
Water 

Rosebud 

Decker 

ave. 

Bighorn        Wyodak       Belle  Ayr 

ave. 

Lab  Perm. 
(gpd/ft2)  10.0 

io.U 

0.9 

10.1 

9.6            lii.8  12.9 

12. U 

inf.  rate 

h.k  (in/hr)  h.h 

1.3 

0.3 

3.0 

3.5              S.h  12.9 

7.6 

Table  5.    Summary  of  infiltration  and  lab  permeability  for  six  mines 


EXISTING  MINES 


SILT- 
STONE 


CLAY, 

MUD, 

SHALE 


SAND, 
SAND- 
STONE 


MISCEL- 
LANEOUS 


PERMEABILITY 
FACTOR  (W=sh) 
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Belle  Ayr 

(Amax  Coal  Co.) 
Section  A 
Section  B 

Bighorn 
(Peter  Kiewit 

and  Sons) 


35' 
75' 


97.12' 


91' 
61 » 


1.33 


sandstone 
2'       float— 18'  .21 


Decker 

(Peter  Kiewit 

and  Sons) 
Section  A 
Section  B 

Hidden  Water  Creek 


9.9' 
61*.  6 » 


8.1' 
99.9' 

35.5' 


1*6.7' 
5' 


26'  lost 


.28 


2'  sandstone  .39 
and  shale;  3" 
coal 


Dave  Johnston 

(Pacific  Power  .             _  Mn^ 

and  Light)  359'          6'silty  >359 

Rosebud  ,  ^ 

(Western  Energy)  20'          300'  15 

Welch  1'75  sub~   *  , 

(Best  Coal  Co.)  2U.75'          9'          bituminous  .36 


coal 


Wyodak 
(Black  Hills 
Power  and  Light) 
Section  1, 

North  Pit  U7.25'  13.5' 

Section  1, 

South  Fit  27'  2.5'  clayey 

soil 

Section  2,  K  .  _ 

South  Pit  29.33'  -5'soil  .12 


Table  6 


Overburden  lithology  for  mines  in  Powder  River  Basin. 


PROPOSED  MINES 


CLAY, 
SILT-  MUD, 
STONE  SHALE 


SAND, 
SAND- 
STONE 


MISCEL-  PERMEABILITY 
LANEOUS  FACTOR 


Max  Coal  Co.,  10,  goil 

Amax  North  ^  sand 

Mine  (sections  . 

from  2.5  mi.  and  clay» 

1.5  mi.  SW  of  .  Coal  and  *08 

the  lease  area)  18'  327'  &  shale 


Atlantic-Richfield  ^' 

Oo     Black  Thunder  ^.75  ^  ^ %  ^ 

fflne  25.85'  sands 


and  silts 


Carter  Oil  Co. , 
North  Rawhide 
Mine  (sections 
from  1  mi.  S 
and  2.5  mi.  SW 

of  the  lease  soil  1>69 

area) 


Kerr-McGee  Co., 

^cobs  Ranch  ^  L12 

Peabody  Coal  ^  ^  1Q|  ^ 

Sdero  Sne  1U5'  25'  10'  soil  .17 


Table  6  (eont.) 


I 


! 


Tnai  r>  iMinc  Sollda 
vsttr.a-  Dm  5otida 
I  : TWfBlX  Saiica 


Ftecomjnei 
Ming  walei 
limit*  a     /OW-1  OW-2 


5310'  1012 
6  14? 

5  i°_ 


ow-3  ow-.  ow-s  cw-«  ow-t  ctm  ow-9  ow-io  ow-u  ow-12  ow-13  ow-i*  ow-n  ow-i«  o»-i7  ow-n  ow-n  o»-*  t-^rf  cm-a  cm-n  «J>  OW-M  OW-2«  oft-i?. 
 I   -             ijm  — 4«jV mm"  5?  stoff  MP  ra 

8S2     2312  "  1222     MM*  »•»'•■»«■  Utl    409*  "     47J1'    1000      2994 »    2954"    6182'    11»S       499*'    1510«    2009"    169*  ft|  UM 

330  4  90        MS        »0!       454         578        364        44!        170  •» 


asta  q*-3*  ""-^  atM*' 


194 
I 


19«  286  4  52  330  1  57  M  330 
3        14        11        n        14  «   1 


2.S 


52 


70B 
295 


727 
156 


945  1463 

446  311 


10T7 
Ml 


Ml 

566 


536 
178 


2063 
644 


1809 
176 


S27 
194 


2455 
7.91 


499 
7.  45 


us: 

7.48 


zoo 

J2S_ 


165 


4100  1000 
431"  149 
360  "  53 


250 
250 


i  yitra*  V, 


.05  a 

1.00  ■ 


1.0 
0.2  I 


.05  a 
e 

.005  a 


.01  ft 
.05  ft 


190  50 

255  24 

0.13  0.06 

0.51'  0.05 

ttr  

IT  4.5 
3085"  500" 
 44  17 


1  300 
166 


22 
5 

0. 16 
0.30' 

i 

488" 
16 


2200 

319" 
_129». 
111 
40 
0.13 
0.40' 


1350 
182 
_»«- 


1900 
230" 

X- 


cn 

5 

1379' 


2750 
316«j 

ISO  175 
31        18  18 
0.13    0.13  0.11 
0.05  0.09"<0.0» 

e.ii  a.w  — 

3 


346 

7.  07 


416 
7.19 


358 
8.64 


1419 

7.73 


1033 
8.  26 


8.02 


149 


271 

-»3T 


1600 
333 


1887 


7.92       7.72       7.77       8.«7  . 


112 

-nr 

8.8 
16 


1887 
306  30 

-na — TSP" 

9.2  7.9 
42 


3393 

166 

3226- 


3434 

196 


 «!_ 


_271_ 


9*8  141 

194  104 

3246  til  »T 

5.9  8.2  4.1 

6 

IU         1*4  104 


lUt*  2172" 
3*4  31* 

1*47  12M 


1357 
8.6 


S3 


192  141 
■ESS- 


2100  2700 
316  "  166 
2»6'  339" 


ra 

1  Ml  J 
lit'  135*»| 


18 

0.19 
0  S8"<0.os 


67oT- 

0.5  U 

M>  719" 

XL  5  1.4 


0.0*  9.0* 
.8.05  '0.05 


IT 
0.93 
'  0.O5 


m — cw — onr 


88 

11  1* 
9.06  0.12 
<0.05  <O.05 
0.12 


3200 
36*" 
MoT 


1300  3500 


1600 
291 »  1S8 
8H*'  137 


2150  1900 
1S3  13« 
_i*6'  IU' 


SMS' 
19.6 


548" 

2-4 


-oTlT 

1  1* 

lTOO'  1800' 


11 


176 
17 
0.09 
o  08 

-srir 
ta 

3100" 

10 


0.06 
.0.00 

o.lS 


0.08 
40.05 

-ottt 


110  T« 

8  11  • 

0.1  0.11  ••• 

<0.05  <0.06  <0.« 

a.  ii 


-*T»*- 


2900  4100 
«*T"  392" 

nV  mo* 


_toV 


20 
1900 

115 
"1 


210 


81 


ITS  100 

u  »  » 

9.8  0.02  H*  30*  <0.02 
0.«         1.9*  10* 


0.02 


4.4  0.10 

0.1  <0.1 

1.3  0.1 
1.31 


0.1 

0.9 
1.00 


0.  5 
0.9 

I.  31 


4.4      5.1  5.1 

0.5      0.5  0.3 

1.8      1.8  0.9 

1.25  1.15  l.M 


2.6  9.T 

9.1  0.4 

1.3  9.4 

1.9S  1.S9 


8.8 
*.4 

2.7 
2.02" 


1.0 
0.4 
0.5 
0.52 


2. 2  40. 10 

cO.l  <0.1 

1.9  0.7 

0.6  0.3 


<0.1 
<0.1 
0.9 


4 

11 

2 

1 

488  « 

2750* 

840* 

1050* 

16 

9 

16 

15 

63  y 

<0.1 

fcl 

Z 

■fO.l 

•-0.1 

<0.1 

0.  6 

0.3 

0.7 

o.« 

0.  OS 

o.ss 

C.6 

O.SS 

-tnr 

9 


1.9 


1.5 


HI* 


<0.1 

■ro.l 

0.3 

1.1 


5  1* 
1.19 


7.9 
1*70' 
t^t  » 

—CI  oTT 


1.0 
1113* 


1.5 
6607 
8.3 


1.1 


9.19 

9.71 


OTOO^        67W 0.  26 
<0.1      <0.1      <0.1  9.12 
7.0         5.8         3.1  0.40 


<o.oi  ^an 

4  0.5     <  0.9 
l.T 


1.1 

-f- 
.017* 


<.001  <-< 
■  41 


.0*  .018 
<  .01     < .01 


a  -  Mandatory  Limit*  of  U.  8.P.  H.S.  (1961) 

b  -  Irrigation  water  abouM  9»we  300  ppm  aocSuiD- 

c  -  Not  harmful  to  bumann  dlaaol.ed1  water. 

d  -  Irrigation  water  ebould  bnae  3  pram  boron. 

a  -  Minimum  ltmita  uakoowa. 

f  -  No  meaaurabbs  amount*  found;  lower  Until  of  9 

g  -  Front  Davis  and  DeWeiat  (196*.  p.  121). 
nt-  DM  tea  tod. 

x  -  graatar  ttuu  racomtnendwd  drtntlng  a 
j  -  3  a  greater  than  recomtnanwjad  d-"-1 
•  -  10  a  I 


1620 
353* 
■»* 


1400 
9.6 


0.10  0.06  0.24  9.  It 
0.93*     0.61*  4-0.05  <9.0S 


loay7* 


2.0       2.0  l.» 

,2,2/         «2  9495* 

9.9  yj 


0.25 
9.14 


3.91  1-7* 
0.17  O.*0 
0.48  1-1 


t.  a 

1.5 


1.1 

0.5 
9.1 


Table  7.      Water  qtiality  data  for  31  samples. 


o 


EXPLANATION  FOB  TABLE  T 


OW-1       Gillette,  Wyo.   New  850  gpm  weU  2  miles  NNW  of  Wyodak  N.  Pit.  Used 
OW9       ™ It_9°  construction-   Depm  about  90',  In  coal  (?).  July  22.  1974. 

WUette,  Wyo.   Ground  water  in  open  pond  In  scoria  pond  1  mile  east  of 

ow  *    £2r  Ayir MIne'  AMAX  Coal  Co-  March-  1974- 

of  tf**'  Stock  weQ  at  windmill  1  mile  N.  of  Wyodak  N.  Pit. 

Sfcafte*  well  a 00'  ?)  i„  alluvium,  awl  bedrock  (shale,  sandstone  and/or 
■stalker  (?).July  22,  1974.  '  "™vor 

°W~*  ^^te'  Wyo*  StOCk  weU  at  wiDdmI11 1  1/2  miles  W.  of  Wyodak  N.  Pit, 
r>w  *       !~£!!L1/2  mUe  N'  °f  RU  16-   SoaUow  weU  (100'?).  July  22,  1974. 

GMftWte.  Wyo.  Domestic  well  of  Dale  Mills,  2  miles  NNW  of  Wyodak  N 
OW  s  aall0W  probably  50'  deep  in  clinker  over  coal.   July  22  1974. 

^tttette,  Wyo.    Seeps  from  promine*  bedding  plane  in  center  of  55' 

OW-7       ™£*f  0031  °n  N>  StdS  °f  N*  Pit  at  July  23,  1974. 

©fftette,  Wyo.  Seeps  from  SW  corner  of  S.  pit  at  Wyodak.  Seep  is  at 
<WWact  of  10"  clay  parting  35'  above  base  at  the  85'  coal  bed  at  Wvodak 
tofty  23,  1974.  'Jvmw 

OW-8       Qjfltette,  wyo.   Seep  in  NW  corner  of  S.  pit  at  Wyodak.   Coming  from 

Hftrtter  spoils.   July  24,  1974. 
°W~9       **M*n,  Wyo.  Monarch  strip  mines,  3  miles  N.  of  Monarch,  Wyo 

ifcmd  In  abandoned  strip  mine.  July  a,  1974. 
OW-10     Sheridan,  Wyo.   Big  Horn  Mine,  S.  end  of  Main  pit.   Seeps  from  under 

*«tWedump.   July  31,  1974. 
°W~U      I***er,  Mont.   Decker  Coal,  SW  face  of  active  pit.   Seeps  from  5'  over 

"BK>  of  coal.   August  1,  1974. 
OW-12     Ww»burn,  Wyo.    Fish  ponds  in  old  damps  along  Tongue  River  at  Boy 

«i»ut  park.  August  1,  1974. 
OW-13     QTttfatrtp,  Mont.   Rosebud  Mine,  Western  Energy  Co.   Mont.    Bur.  Mines 
TO>11  #S-1,  1/3  mUe  S.  of  R.  R.  loading  tipple  in  1968  reclaimed  spoils 
Xtfell  depth  =  45'.   Static  =  44'.   August  21,  1974. 
OW-14     Cf^strlp,  Mont.   Rosebud  Mine,  Western  Energy  Co.  Pond  at  West  end 

J»f«W  1968  Burlington  Spoils.   August  21,  1974. 
OW-15      iPHstrtp,  Mont.   Rosebud  Mine,  Western'  Energy  Co.    Pond  in  spoils 

reclaimed  bulldozed  spoils.  August  21,  1974. 
OW-16     qn^jstrtp,  Mont.    Rosebud  Mine,  Western  Energy  Co.  '  Pond  in  bottom 

active  pit.   August  21,  1974. 
Om-VT     ^etrip,  Mont.   Rosebud  Mine,  Western  Energy  Co.   Pond  In  Pit  #3  a 

-4»ep  ground  water  pit  2/3  mile  N.  of  tipple.   Has  panflsh.   Old  unreclaimed 
Spoils.   August  21,  1974. 
OW-1S       Outstrip,  Mont.    Big  Sky  Mine,  Peabody  Coal  Co.   Pond  fed  by  seeps  at 

bottom  of  pit,  coming  from  ground  water  in  Rosebud  coal  seam.  August  22, 

'  Ooistrip,  Mont.    Big  Sky  Mine,  Peabody  Coal  Co.   Pit  In  west  end,  probably 
-rround  water  recharged.   August  22,  1974. 
OW-»       C**tetrtp.  Mont.    Big  Sky  Mine,  Peabody  Coal  Co.   Pond  In  spoils  300  yds. 

?  KE  of  S.  end  of  W.  higbwall.    Could  be  mostly  rain  runoff.  August  22,  1974. 


OW-21  Acme,  Wyoming.  Dug  well  on  N.  side  of  Acme-Kleenburn  Road  200  ft 
r>m  o  °f  Tonpie  RIver  Bridge.    Static  Level  6  ft.    May  20   1  975. 

OW-22      Decker,  Montana.   Windmill  3/4  mile  NW  of  Decker  Mine  Tipple 
June  4,  1975. 

OW-23      Monarch,  Wyoming.   Ground  water  pond  In  Welch  Mine,  3  mites  W.  of  • 

Monarch.  June  5,  1975.  i 
OW-24      Monarch,  Wyoming.   Pumped  well  at  Hidden  Water  Creek  pump  test  sit 

2  1/2  miles  NNW  of  Monarch.   11:17  a.m. ,  June  23  1975 
OW-25      Monarch.  Wyoming.   Pumped  well  at  Hidden  Water  Creek  pump  test  site 

11  .-45  a. m.,  June  24,  1975. 
OW-26      Monarch,  Wyoming.   Surface  pond  In  spoils  area  at  Hidden  Water  Creek 

pump  test  site.   11:45  a.m. ,  June  24,  1975. 
OW-27      Acme   Wyoming.   Goose  Creek  at  Bighorn  Mine  pump  test  site,  1/2  mik  j 

S.  of  Acme.  10:18  a.m.,  July  15,  1975. 
OW-28      Acme,  Wyoming.   Pumped  well  at  Bighorn  Mine  pump  test  site.   10-18  » 

July,15,  1975. 

OW-29      Acme,  Wyoming.   Pumped  well  at  Bighorn  Mine  pump  testslte.   6  p.m. 
July  16,  1975. 

OW-30  Decker,  Montana.  Ground  water  in '-experimental  pit"  dug  in  coal  bed 
OW  <a       ^L^16  °!  malD  °mCe  at  D8Cker  0041  mtoe-   August  9,  1975.  ' 

2ln        WyaB,ta*-   Ground  ™ter  m  pond  in  SW  corner  of  active  pit  of 

BeUe  Ayre  Mine.   May  contain  some  surface  water  from  Utile  Caballo 

Creek.  August  14,  1975. 
OW-32      Gillette,  Wyoming.   Ground  water  from  pond  in  active  pit  of  Best  Coal  Q, 

"Antelope  Mine".   Same  elevation  as  Antelope  C  reek  1/2  mile  to  norm. 

March  4,  1975. 


*  t 


SUBSTANCE 

Ho:    Ui  *U? 

Ho:    U-,  =  U^ 

Ho:  U?  =  U, 

t 

t.975 

Ann 
or 
RE  J. 

t 

t.95 

ACC. 

or 
RE  J. 

t.975 

ACC. 

or 
REJ. 

t 

t,975 

ACC. 

or 
REJ. 

TOTAL  DISSOLVED  SOLIDS 

2.5 

2.07 

R 

1.23 

1.73 

A 

2.10 

A 

3.03 

2.1h 

R 

TOTAL  HARDNESS 

3.16 

2.07 

R 

1.09 

1.73 

A 

2.10 

A 

2.9 

2.23 

R 

pH 

1.79 

2.07 

A 

1.88 

1.73 

R 

2.10 

A 

2.38 

2.23 

R 

ALKALINITY  (MET.  ORG) 

0.82 

2.07 

A 

1.1*2 

1.73 

A 

2.10 

A 

1.67 

2.23 

A 

CALCIUM  (Ca) 

2.U9 

2.07 

R 

1.77 

1.73 

R 

2.10 

A 

U.35 

2.23 

R 

MAGNESIUM  (Me) 

3.02 

2.o7 

R 

0.59 

1.73 

A 

2.10 

A 

2.17 

2.23 

A 

SODIUM  (Na) 

0.32 

2.07 

A 

l.Ott 

1.73 

A 

2.10 

A 

1.13 

2.23 

A 

POTASSIUM  (K) 

o.hi 

2.07 

A 

0.147 

1.73 

A 

2.10 

A 

0.75 

2.23 

A 

IRON  (Fe) 

1.36 

2.07 

A 

1.18 

1.73 

A 

2.10 

A 

0.66 

2.1U 

A 

MANGANESE  (Mn)  _ 

1.20 

2.07 

A 

0.7 

1.73 

A 

2.10 

A 

0.73 

2.LU 

A 

CHLORIDE  (CI) 

0.5 

2.07 

A 

1.12 

1.73 

A 

2.10 

A 

0.52 

2.12; 

A 

SULFATE  (SOi.) 

2.15 

2.07 

R 

1.11 

1.73 

A 

2.10 

A 

3.16 

2.1U 

R 

SILICA  (SiOj 

2.07 

A 

** 

2.06 

1.73 

R 

NITRATE  (N) 

1.11 

2.07 

A 

0.88 

1.73 

A 

2.10 
2.10 

A 
A 

3.00 
0.96 

2. lit 
2.11* 

R 
A 

TOTAL  PHOSPHATE  (POj  ) 

0.1*9 

2.07 

A 

0.37 

1.73 

A 

2.10 

A 

Q.h 

2.11* 

A 

Table  8.    Summary  of  statistical  tests  for  water  quality.         TL  =  ground  water 

U2  ■  Water  from  spoils 
U    =  Surface  water 


Coefficient  of  Coefficient  of  Specific 

Permeability  (K)  Storage  (S)  Capacity 

gpd.  ft2  gpm/ft 


Tongue  R.  Ss.  _c 

(Lowry  &  Cummings)  5  10  0.5 


Tongue  R.  Ss. 

(Whitcomb  &  3  —  0.3 

Morris ) 

Dragline  (Hidden  150  0.17  1-7 

Spoils  Valley) 

Truck  (Bighorn)  h  0.23  0.3 


Spoils 

(Van  Voast,  1973)  30 


Coal  —  —  1? 


Clinker  —  ~  20 


Table  9.    Comparison  of  Hydraulic  properties  of  surficial  aquifers. 


